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CHAPTER 1

INTRODUCTION
1.1 Eukaryotic Transcription Cycle
Living organisms are able to modulate the expression of their genes in
response to an external or an internal signal. The process of RNA synthesis from
a gene is referred to as transcription. Transcription in eukaryotes is carried out by
five different RNA polymerases. RNAP I predominantly transcribes ribosomal
RNA. RNAP II, the highly regulated and well-studied polymerase, transcribes
mRNA, snRNA, siRNA and microRNA. RNAP III synthesizes tRNA and 5S rRNA.
The more recently identified polymerases, RNAP IV and RNAP V generate
siRNA required for post-transcriptional gene silencing in plants (Onodera et al.,
2005; Wierzbicki et al., 2009).
Transcription by RNAP II is a tightly regulated and complex process. The
RNAP II transcription cycle consists of several defined steps. An array of protein
factors is required for the successful accomplishment of each of these steps.
RNAP II itself is a multi-subunit enzyme comprising of 12 subunits. There are five
discrete steps in the RNAP II transcription cycle: (1) Assembly of the pre-initiation
complex (PIC), (2) promoter clearance, (3) elongation, (4) termination, and (5)
reinitiation (Hahn, 2004; Woychik and Hampsey, 2002).
Basal and activated transcription
In a reconstituted in vitro transcription system, RNAP II along with six
general transcription factors (GTFs) (TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH)
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is able to initiate transcription from a promoter on a non-chromatin template. This
system does not respond to activators and is called ‘basal transcription’. In
addition to GTFs, transcription also requires gene specific transcription
activators, which bind to the enhancers or upstream activating sequence (UAS)
elements. Activators facilitate recruitment of the general transcription machinery
onto the promoter, thereby resulting in enhanced transcription of the gene
(Orphanides and Reinberg, 2002). This activator-dependent enhancement of
transcription is referred to as ‘activated transcription’. Coactivators help activators
communicate with the general transcription machinery. Mediator complex is one
such multisubunit coactivator that contributes to activated transcription.
DNA is packed into a chromatin structure in vivo. The regulatory DNA
elements on a gene need to be accessible for binding of RNAP II and GTFs for
transcription to occur. Often a nucleosome present in the promoter region serves
as a barrier to the recruitment of the transcription machinery. Activators recruit
cofactors that help to relieve chromatin repression. There are two types of
cofactors that modify chromatin in the promoter region to allow binding of
transcription machinery: (i) chromatin modifiers that covalently modify the
chromatin in the promoter region by acetylation, methylation, phosphorylation or
ubiquitination (Santos-Rosa and Caldas, 2005), and (ii) chromatin remodelers
that use the energy of ATP hydrolysis to remove or reposition nucleosomes in
the promoter region (Saha et al., 2006). Both chromatin modifiers and
remodelers expose DNA in the promoter region for binding of general
transcription machinery.
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Thus, the activator-dependent transcription occurs in two steps. In the first step,
the activator recruits chromatin modifiers and/or chromatin remodelers to modify
chromatin in the promoter region. In the second step, an activator facilitates the
recruitment of general transcription machinery on the exposed promoter region
with the help of coactivators like the Mediator. The chromatin modifiers and
remodelers along with the Mediator are together called ‘cofactors’, which
facilitate activator-dependent stimulation of transcription by RNAP II.

Initiation of transcription:
The initiation of transcription includes two prime events: (i) assembly of
the pre-initiation complex (PIC), and (ii) formation of the first phosphodiester
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bond. Upon receiving an external or an internal regulatory signal, a gene-specific
activator binds to the Upstream Activating Sequence (UAS) or enhancer element
and facilitates the recruitment of GTFs and RNAP II onto the core promoter with
the help of cofactors. The core promoter consists of the TATA element (TBP
binding site), BRE (TFIIB recognition element), Inr (initiator element), and DPE
(downstream promoter element). All four promoter elements are not present on
all genes. The TATA box is present only in 20% of yeast genes (Basehoar et al.,
2004; Shandilya and Roberts, 2012). The TBP (TATA binding protein) subunit of
TFIID binds to the TATA box and bends the DNA at an angle of 90o. TFIIB binds
to the DNA-TBP complex, followed by the recruitment of TFIIA. Next, TFIIF along
with RNAP II bind to the promoter. After this step, TFIIE recruits TFIIH to
complete the assembly of the pre-initiation complex (PIC) (Fig 1.1). The RNAP II
joins the PIC in an unphosphorylated form. Following initiation of transcription,
the kinase subunit of TFIIH (Kin28 in yeast) phosphorylates the carboxyl-terminal
domain (CTD) of the largest subunit of RNAP II at Ser5 of the heptapeptide
(YSPTSPS) repeat (Fig 1.1). This step called ‘promoter clearance’ triggers the
release of RNAP II from the initiation complex (Pal et al., 2001). Promoter
clearance facilitates the transition of the transcription cycle from the initiation to
the elongation step. Ser5 phosphorylation of CTD is required for the recruitment
of 5’ mRNA capping enzymes (Phatnani and Greenleaf, 2006). Recently,
phosphorylation at Ser7 of CTD was also reported to follow the same pattern as
Ser5 (Fig. 1.2). The same study also showed that Kin28 is the kinase responsible
for the phosphorylation of Ser7 in budding yeast (Kim et al., 2009). Although, the
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physiological significance of Ser7 phosphorylation is still under investigation,
evidence suggests that these two phosphorylation events are tightly controlled to
regulate initiation of transcription (Boeing et al., 2010).

Elongation of transcription
As RNAP II proceeds to the elongation step, transcribing into the coding
region of the gene, Ser5 phosphorylation mark is gradually removed by Rtr1
phosphatase. In budding yeast, Bur1 or Ctk1 are now recruited to the
transcribing polymerase. Both Bur1 and/or Ctk1 are kinases that phosphorylate
Ser2 of CTD (Fig. 1.2) (Murray et al., 2001). This mark is essential for the
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recruitment of factors that facilitate passage of RNAP II through the coding
region. Among the factors recruited by phosphorylated Ser2-CTD are Spt6 and
H3K36 methyltransferase Set2 (Krogan et al., 2002). The processivity of the
elongating RNAP II is further enhanced by positive elongation factors like TFIIS,
which helps to release backtracked RNAP II for further elongation (Nakanishi et
al., 1992). Co-transcriptional splicing of pre-mRNA also takes place during
elongation. CTD phosphorylation has been implicated in the recruitment of
splicing factors as well (Bird et al., 2004). The CTD Ser2 phosphorylation plays a
major role in the recruitment of 3′ end processing factors, namely the Cleavage
Factor I (CF1) and Cleavage and Polyadenylation Factor (CPF) complexes
towards the 3′ end of the gene (Ahn et al., 2004; Dichtl et al., 2002). The CTD
acts as a loading dock for the recruitment of the termination complexes.

Termination of transcription
The termination step of transcription is not so thoroughly investigated as
the initiation step. Although we have a general idea about the process of
termination by RNAP II, the detailed molecular mechanism is not yet clear.
Termination is critical for the successful accomplishment of transcription, as it is
intimately linked to the reinitiation of the next round of transcription. As RNAP II
transcribes through the poly(A) site near the 3′ end of the gene (Fig. 1.3), it
pauses and recruits the 3' end processing factors through Ser2 phosphorylated
CTD. The termination of transcription is tightly coupled to 3′ processing of
precursor mRNA (Richard and Manley, 2009). The 3′ end processing involves the
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endonucleolytic cleavage of the nascent mRNA beyond poly(A) site followed by
the addition of about

200 nt long poly(A) tail to the cleaved 3′ end.

Polyadenylated mRNA is released, but elongating RNAP II is still attached to the
template. The termination of transcription is marked by the release of RNAP II
from the template. Multisubunit complexes with a combined molecular weight of

about a megadalton are required for the execution of termination step. In budding
yeast, two major macromolecular complexes are required for proper 3` end
processing/termination of transcription. They are the Cleavage Factor I (CFI)
complex and Cleavage and Polyadenylation Factor (CPF) complex (Fig. 1.3)
(Mandel et al., 2008). The CF1 complex is composed of Rna14, Rna15, Pcf11,
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Clp1, and Hrp1 subunits (Fig. 1.3), while the CPF complex consists of a number
of subunits including Pta1, Ssu72, Fip1, Yth1, Pfs2p, Yhh1, Ydh1, Ysh1 and
Pap1 (Gavin et al., 2002; Mandel and Tong 2008; Minvielle-Sebastia and Keller
1999). In vitro studies showed that the cleavage reaction of the nascent transcript
requires CFI, while polyadenylation requires CPF, CFI, and Pap1. Ser2
phosphorylation of the RNAP II CTD repeats is crucial for the recruitment of CF1
and CPF complexes towards the 3′ end of genes. This allows for efficient
cleavage and polyadenylation of nascent transcripts, followed by the release of
RNAP II from the template. In addition to the 3′ end processing factors described
above, the release of RNAP II in yeast, requires Rat1 (the homolog of
mammalian Xrn1), which is a 5′→3′ exoribonuclease (Kim et al., 2004). Following
cleavage of the nascent mRNA, the unprotected 5′ end of the RNA tethered to
the template-bound RNAP II is chewed by Rat1. These events help to destabilize
the RNAP II-DNA interaction and result in the dissociation of polymerase from
the template. Defective termination results in polymerase reading through the
termination signal into the neighboring transcription units (West and Proudfoot,
2009). Recent findings have shown that defective termination also has a
significant effect on initiation of transcription (Mapendano et al., 2010). This effect
is possible if the termination step of transcription is somehow linked to the
reinitiation step of the subsequent round of transcription.
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Reinitiation of transcription
Despite remarkable progress being made in elucidating the initiation of
transcription, the reinitiation step still remains a poorly understood aspect of the
transcription cycle. During or immediately after the termination of transcription,
RNAP II undergoes complete dephosphorylation at its CTD serine residues.
Although the identity of the enzymes responsible for dephosphorylating RNAP II
at the 3' end of the gene is not yet clear, it is believed that Ser5-CTDphosphatase Ssu72, and Ser2-CTD-phosphatase Fcp1 could be involved in the
process. The dephosphorylated RNAP II is then ready to join the promoter to
reinitiate a new round of transcription. Following initiation of transcription, a
subset of GTFs remains behind at the promoter forming a ‘scaffold’ (Yudkovsky
et al., 2000). The scaffold complex is comprised of TFIID, TFIIA, TFIIE, TFIIH,
and Mediator. The subsequent reinitiation of transcription does not involve de
novo assembly of the PIC (Fig. 1.1). The scaffold left behind after the first round
of transcription serves as a launching pad for re-entry of RNAP II, TFIIB and
TFIIF. Since the recruitment of several factors is bypassed for the assembly of
the PIC during the second and subsequent rounds of transcription, reinitiation is
faster than initiation (Jiang and Gralla, 1993). Thus, the scaffold stimulates
multiple rounds of transcription by facilitating the reinitiation process. Whether
reinitiation also involves a termination-dependent recycling of RNAP II from the
terminator to the promoter-bound scaffold is not known. Studies with RNAP I and
RNAP III have implicated proper termination as a prerequisite for reinitiation of
transcription (Jansa et al., 2001; Maraia et al., 1994). A termination factor-
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mediated transfer of yeast RNAP III from the terminator to the promoter for
reinitiation has been demonstrated in vitro (Dieci and Sentenac, 1996).
Terminator-facilitated reinitiation was accompanied by a concomitant increase in
transcription efficiency of RNAP III. It was proposed that the efficient transfer of
polymerase from the terminator to promoter could be facilitated by a gene loop
formed due to the physical interaction of distal ends of a transcribed gene (Dieci
and Sentenac, 2003; Kulkens et al., 1992). Physical and functional interactions
between TFIIB and 3′ end processing factors suggested that there may be a
pathway of reinitiation through promoter-terminator interaction (Medler et al.,
2011; Singh and Hampsey, 2007). The concept of termination-reinitiation
coupling was corroborated by a recent study that clearly demonstrated a
decrease in the recruitment of TFIIB, TFIID and RNAP II at the promoter region
of human β-globin gene in a termination defective mutant (Mapendano et al.,
2010).

1.2 Gene looping
Gene loops are dynamic structures that are formed by the juxtaposition of
the promoter and terminator regions of a gene in a transcription-dependent
manner (O'Sullivan et al. 2004; Ansari and Hampsey 2005; Singh and Hampsey
2007; El Kaderi et al. 2009) (Fig. 1.4). The looping of RNAP II-transcribed genes
was first observed in budding yeast. Since then a number of genes in higher
eukaryotes such as HIV-proviral gene (Perkins et al., 2008), drosophila polo and
snap genes (Henriques et al., 2012), mammalian BRCA1 gene(Tan-Wong et al.,
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2008), immunohistological marker gene CD68 gene (O'Reilly and Greaves,
2007), β-globin gene (Tan-Wong et al., 2012), human RARβ2 gene (May et al.,
2012) and human chondrocyte Col2a1 gene (Jash et al., 2012) have been shown
to form gene loops during transcription. Gene looping was found to be dependent
on the general transcription factor TFIIB (El Kaderi et al., 2009; Singh and

Hampsey, 2007) and TFIIH kinase subunit Kin28 (O'Sullivan et al., 2004).
Furthermore, gene looping was observed only during activator-dependent
transcription (El Kaderi et al., 2009), indicating that the activator may be using
gene looping to keep a gene in an activated state through multiple rounds of
transcription. Gene looping not only requires the initiation factors but also the 3′
end processing factors, such as the CF1 complex subunits Rna15, Rna14,
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Pcf11, Hrp1, and Clp1, along with poly A polymerase (Pap1) (El Kaderi et al.,
2009; Medler et al., 2011) and CPF complex subunits Ssu72 and Pta1 (Ansari
and Hampsey, 2005). Formation of gene loops was also found to be dependent
on cis-acting elements such as a functional poly(A) signal located at the 3′ end of
a gene (Perkins et al., 2008). A recent study demonstrated that gene looping
also accompanies intron-mediated enhancement of transcription (Moabbi et al.,
2012). All the factors required for gene looping were found crosslinked to both
extremities of a gene. This crosslinking of a factor to the distal ends of a gene
during transcription suggests that the interaction of the promoter-bound factor
with the terminator-bound factors could be the molecular basis of gene loop
formation. A coimmunoprecipitation approach showed that the general
transcription factor TFIIB not only crosslinked to the DNA at the 3′ end of the
gene but also physically interacts with the terminator-bound factors when a gene
was in looped configuration (El Kaderi et al., 2009). The TFIIB is an important
determinant of gene looping (Singh and Hampsey, 2007; Medler et al., 2011).

Physiological significance of gene looping
The prevalence of gene looping in eukaryotic systems suggests that it
must be playing a significant physiological role in the cell. Though the exact
biological relevance of gene looping is not clear yet, it has been implicated in
several aspects of transcriptional regulation in yeast and higher eukaryotes.
Gene looping has been implicated in coupling of termination to reinitiation. In the
absence of gene looping, termination is not only defective resulting in
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readthrough of RNAP II into the neighboring genomic region, but there is a
concomitant decrease in the recruitment of RNAP II and GTFs onto the promoter
region (Mapendano et al., 2010). Thus, a gene looping defect was affecting the
recruitment of polymerase onto the promoter for initiation or reinitiation of
transcription. These findings invoke the tantalizing possibility that RNAP II may
be directly transferred from the terminator to the promoter for reinitiation when a
gene is in a looped configuration, thus contributing towards the enhancement of
transcription through multiple transcription cycles.
Another physiological role of gene looping is in ‘transcription memory’.
Induction of the GAL10 gene by galactose is accompanied by gene looping. The
gene loop persisted for about 4 hours after removal of galactose from the
medium. If galactose was added back within this time period, reactivation of
GAL10 occurred immediately without a lag period. Thus, gene looping was
helping in preservation of the transcription memory of the gene in the absence of
inducer (Laine et al., 2009; Tan-Wong et al., 2009).
A recent study showed that gene looping is involved in intron-mediated
enhancement of transcription (Moabbi et al., 2012). The intron-mediated
transcriptional regulation requires a splicing competent intron (Rose et al., 2008).
In the absence of gene looping, however, even a splicing-competent intron was
unable to enhance the transcription of the gene. These results clearly
demonstrate that it is not splicing, but splicing-dependent formation of a looped
gene architecture that facilitates the enhancement of transcription by an intron.
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During transcription, RNAP II in the PIC has a tendency to transcribe either in the
sense direction or in the anti-sense direction. It remained a mystery for a long
time as to what confers directionality to the promoter-bound polymerase. It was
recently shown that gene looping provides directionality to the RNAP II on
bidirectional promoters leading to productive transcription in sense direction. In
the absence of gene looping, polymerase tended to transcribe in both the sense
and antisense directions (Tan-Wong et al., 2012).
Elucidating the mechanism and role of gene looping in transcriptional
activation will help us understand how the cell can program the sustained
expression of genes during growth, development and homeostasis. Moreover, if
gene looping is an important regulatory process, it should not be restricted to a
few genes that we and others have studied, but should be a general feature of
actively transcribed genes in eukaryotic systems. Exploring the generality of
gene looping is therefore important.

Promoter bound factors involved in gene looping
TFIIB: TFIIB is a highly conserved GTF both in terms of its structure and
function. TFIIB is recruited to the PIC after TFIID, and is involved in the selection
of the transcription start site (Hawkes and Roberts, 1999). It is crucial for
transcription from all RNAP II promoters. It plays an important role in the
recruitment of polymerase to the PIC. It consists of a single polypeptide of 33
kDa. TFIIB makes sequence specific DNA contacts at the TFIIB recognition
element (BRE). Although it is a basal transcription factor, it has been found to
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interact with a number of activators and consequently is required for the
transcriptional activation of a number of genes in yeast, plants and mammals
(Deng and Roberts, 2007).
Several studies reported that TFIIB crosslinked to the promoter and
terminator regions of a gene. Recent studies have demonstrated the physical
interaction of TFIIB with the 3’ end processing factors like CF1 and CPF
complexes in yeast (Medler et al., 2011) and cleavage polyadenylation
stimulating factor (CPSF) and cleavage stimulation factor (CstF) complexes in
mammals (Wang et al., 2010). The interaction of TFIIB with the terminator-bound
factors is believed to play a crucial role in facilitating gene looping. A recent study
demonstrated that TFIIB not only contacts the 3′ end of genes but also plays a
role in termination of transcription in mammalian systems (Wang et al., 2010). A
similar role of TFIIB in termination was recently reported in flies (Henriques et al.,
2012). Although a direct role for TFIIB in termination of transcription in yeast has
not been demonstrated yet, a complex of TFIIB with a number of termination
factors has been purified, thereby suggesting that the termination function of
TFIIB may be an evolutionarily conserved feature (Medler et al., 2011).
TFIIH: TFIIH is a ten-subunit general transcription factor (Gibbons et al., 2012).
TFIIH is a unique transcription factor due to its size, catalytic activities and highly
conserved subunit structure from yeast to humans. It is the only GTF with two
enzymatic activities; a kinase and a helicase activity. In yeast, the subunits of
TFIIH are organized into two modules; (i) a ‘minimal core’ of Ssl1, Tfb1, Tfb2,
Tfb4, and Tfb5, (ii) a larger module comprising of Ssl2 and Rad3 helicase, and
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TFIIK submodule containing Tfb3, Ccl1, and kinase subunit Kin28 (Takagi et al.,
2003). All of these subunits have been reported to have counterparts in humans
(Roy et al., 1994; Schaeffer et al., 1993; Lu et al., 1992). The Kin28 subunit is
required for gene looping of the modified GAL1::FMP27 gene (O’Sullivan et al.,
2004). Further studies showed that the promoter-bound Kin28 and Ssl2 are
localized to both the 5′ and the 3′ end of a gene (Anamika et al., 2012; Chapman
et al., 2007). Consequentially, phosphorylation of Ser5 and Ser7 occurs at both
the ends of a gene.
In the light of accumulating evidence it is clear that TFIIB and TFIIH may
play a role beyond initiation of transcription. It is interesting to speculate that they
may be involved in reinitiation of transcription.

1.3 Yeast Mediator complex
Discovery
Mediator was discovered as a factor required for the activator-dependent
transcription in an in vitro reconstituted transcription system (Flanagan et. al.,
1991). In vitro transcription assays performed using highly purified factors in
yeast showed that the activators GAL4-VP16 and GCN4 bound to their UAS
could not stimulate transcription even in the presence of excess amounts of
GTFs and RNAP II. It was found that the addition of one of their purified fractions
into this system was able to bring about activation of transcription. The
transcription enhancing activity in this fraction was termed Mediator, since it
served as a bridge between the activator and the basal transcription machinery.
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Almost simultaneously, parallel evidence about the existence of the Mediator
complex emerged from genetic studies in yeast (Nonet and Young, 1989). RNAP
IIB is the form of RNAP II that lacks CTD. The suppressors of the CTD truncation
were named SRB (suppressors of RNAP IIB mutation). Many of the SRB proteins
were found as components of the biochemically purified Mediator complex (Kim
et al., 1994).
Purified Mediator complex comprises of about 20 subunits (Kim et al.,
1994). Several subunits of the purified complex matched the subunits that were
identified in genetic screens for mutations that affected RNAP II transcription.
The genetic screens also revealed subunits that had a negative effect on
transcription, thus providing a clue that Mediator might also be involved in
repression of transcription. A combination of electron microscopy, urea
dissociation, and biochemical reconstitution approaches identified four distinct
modules in purified Mediator complex (Guglielmi B, 2004). Striking evidence
regarding Mediator involvement in the negative regulation of transcription came
with the identification of the kinase module (Elmlund et al., 2006). Recent
Mediator studies have been focused on resolving the interactions and functional
roles of specific Mediator subunits.
Structure
The structure of the Mediator complex has been thoroughly investigated
employing electron microscopy and X-ray crystallography. Mediator is a 1.2 MDa
complex organized into four distinct modules; head, middle, tail, and kinase
module (Fig. 1.5)
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Head module: The Mediator head module is the most critical part of the
complex. It makes extensive contacts with the GTFs and with RNAP II (Cai et al.,
2010; Esnault C, 2008). The head module is 223 KDa in size and is composed of
Med6, Med8, Med11, Med17, Med18, Med19, Med20, and Med22 subunits. All
the head module subunits, with the exception of Med18 and Med20, are required
for yeast viability. The structural analysis revealed three distinct domains: fixed
jaw, movable jaw, and neck in the head module. They are attached to a central
joint through flexible loops and linkers (Imasaki T, 2011). High resolution
crystallographic studies showed that two heterodimers Med11/Med22 form the
fixed jaw domain, and Med18/Med20 form the movable jaw. Med17 is important
for the assembly of the head module as it houses the other subunits. The
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assembly of the head module has been studied extensively (Takahashi H, 2011).
The first part of the assembly is the formation of a “mini-head,” consisting of
Med11, Med17, and Med22. Next, Med6 and Med8 are added to the module to
form the core head. Finally, the Med18-Med 20 heterodimer binds to the core
head composed of Med6, Med8, Med11, Med17, and Med22. The Med18-Med20
heterodimer forms the movable jaw of the head module, causing it to adopt an
open conformation. Functional and biochemical assays revealed interaction of
Med8 and Med20 with TBP. Med11 interacts with TFIIH. This interaction has
been shown to stimulate phosphorylation of Ser5-CTD of RNAP II by TFIIH
(Esnault C, 2008).
Middle module: The middle module is composed of seven subunits: Med1,
Med4, Med7, Med9, Med10, Med21, and Med31. X-ray scattering studies
showed that the middle submodule interacts with the heptad repeats of the
RNAP II CTD through Med31 and N-terminal of Med 7. Deletion of middle
module subunits affected expression of proteins involved in anabolic pathways,
and stress responses (Koschubs et al., 2010). The middle module subcomplex is
highly elastic because of its role in bridging the head and tail modules. The
subunits of middle module are the target of activators.
Tail module: The tail module consists of Med2, Med3, Med5, Med15, and
Med16 subunits. These subunits have been shown to interact with gene-specific
activators. The tail is the least conserved module. This is most likely because the
tail interacts with different activator proteins in different organisms. Tail module
subunits have been associated with activation of transcription from TATA
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containing and SAGA-dependent promoters (El Kaderi et al., 2012). Recent
studies have connected the tail module with telomere length regulation and
maintenance of heterochromatin (Kremer et al., 2012).
Kinase module: The kinase module is composed of four subunits: Cdk8, cyclin
C, Med12, and Med13. Cdk8 is the kinase subunit. This module has been found
to inhibit the transcription activation potential of Mediator complex. The subunits
of the kinase module were initially discovered in genetic screens as recessive
suppressors of RNAP II CTD truncation mutation. The kinase module binds to
the tail module leading to a conformational change in the core Mediator. This
conformational change prevents the interaction of Mediator with RNAP II
resulting in repression of transcription. Cdk8-cyclin C is also capable of
phosphorylating Ser5 of CTD, other Mediator subunits, GTFs and gene specific
activators (Hengartner et al., 1998). Deletion of Med12 and Med13 subunits also
resulted in loss of transcriptional repression. Both these subunits, however, are
dispensable for the catalytic activity of Cdk8.
Electron micrograph studies revealed that Mediator undergoes a
conformational change upon interaction with RNAP II. Mediator changes from a
compact to a fully extended conformation during this interaction. This
conformation clearly shows the head forming interactions with the transcription
apparatus (RNAPII, TBP, TFIIH, etc.) and the middle module bridging the tail and
the head module. The tail binds to different activators and requires a response to
pass over to the head module.
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Dynamic roles of Mediator
Mediator was initially discovered in yeast as a factor required for activatordependent transcription in a reconstituted in vitro system. The large 1.2 MDa
Mediator complex is a major component of the PIC and is required for
transcription of almost all eukaryotic RNAP II-dependent genes. Genetic studies
using a temperature sensitive mutant of Srb4 subunit showed that the regulation
of more than 5000 genes was dependent on Mediator (Holstege et al., 1998).
Mediator-activator interaction is crucial for the recruitment of GTFs and RNAP II
onto the promoter (Kornberg, 2005). Gene specific activators have been shown
to interact with specific subunits of the tail module to trigger transcriptional
activation. Gal4 activator interacts with Med15 (Gal11) (Jeong et al., 2001).
Activation by Gcn4 requires Med2 and Sin4. In contrast, head module subunits
like Med17 (Srb4) and Med22 (Srb6) play a general role in transcription due to
their interaction with the general transcription machinery. Following recruitment,
Mediator conveys the regulatory signals from the activator to the general
transcription machinery, causing a significant increase in activator-dependent
transcription. However, studies have also shown that Mediator can stimulate
activator-independent basal transcription as well (Baek et al., 2006; Baek HJ,
2002). These observations strongly suggest that Mediator is a general
transcription factor. After recruitment and assembly of the PIC, the Mediator
complex is required to stimulate the kinase activity of Kin 28 (Kim et. al., 1994).
While the role of Mediator in transcriptional activation is well established, its role
in repression is not so well understood. Mediator exists in 2 forms; a core

22
Mediator complex (Head, middle and tail) and a Kinase-Mediator complex. The
interaction of the core with RNAP II is associated with activated transcription.
However, when the Kinase module associates with the core, it represses
transcription of a subset of genes by blocking the interaction of Mediator with
RNAP II (Knuesel et. al., 2009). In a contrasting study, the kinase module was
found associated with highly transcribed genes (Zhu et al., 2006). Evidence
supporting the role of kinase module in transcriptional activation also came from
studies of individual genes in mammals, wherein the kinase module was found
as a positive regulator of serum response genes, thyroid hormone receptor
genes, and p53 target genes (Knuesel et al., 2009a). These studies indicate that
the kinase module can function both as a positive and a negative regulator of
transcription.
In contrast to above findings, genome-wide occupancy studies revealed
that the core Mediator complex occupies not only the promoter region of genes,
but also coding regions and the 3’ end of highly transcribed genes (Andrau et al.,
2006). These studies strongly indicated that Mediator exerts its influence beyond
the initiation step of transcription. Recent functional and physical evidence have
confirmed a post-initiation role of Mediator in transcription. Genetic interactions
between Med31 subunit and the transcription elongation factor TFIIS and Set2
methyl transferase indicate a role for Mediator in elongation. The mammalian
Med26 subunit serves as a docking site for transcription elongation factors
(Takahashi H, 2011). Another in vitro study in yeast showed that Mediator is
retained as a part of the scaffold complex left behind on the promoter after RNAP
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II escapes from the promoter for elongation, thus contributing to the subsequent
rounds of transcription by facilitating the re-entry of RNAP II for the reinitiation of
transcription.
Despite the overwhelming studies on the structure and the regulatory role
of Mediator complex in transcription, the mechanism of Mediator facilitated
transcriptional activation and repression still remains obscure. Furthermore the
post-recruitment role of Mediator in transcription elongation, termination and
reinitiation is yet to be elucidated.

Yeast as a model system
Saccharomyces cerevisiae is widely used as a model organism because
of its ease of use in both genetic and biochemical experiments. The entire
genome of yeast has been sequenced and is available in a well-curated
database (Yeast Genome Database). The genome is composed of about
12,156,677 base pairs and 6,275 genes, compactly organized on 16
chromosomes. The biochemical and metabolic processes exhibit a high degree
of conservation between yeast and mammalian systems. The short generation
time, ease of transformation and manipulation of genome by homologous
recombination are some of the advantages of using this model system to study
fundamental eukaryotic processes. All this makes S. cerevisiae an ideal system
to study transcription.
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1.4 Project Outline
The successful accomplishment of transcription requires cooperative
interaction of events taking place during different steps of transcription. The
different steps of transcription such as initiation, elongation, termination and
reinitiation do not operate in isolation, but rather integrate into each other. For
example, termination may be linked to reinitiation by the physical interaction of
the terminator with the promoter of the cognate gene. This interaction of the
promoter and terminator ends of a gene in a transcription-dependent manner is
called gene looping. Gene looping has been implicated in activator and intronmediated

enhancement

of

transcription,

transcriptional

memory,

and

directionality of promoter-associated transcription and termination. In light of
these findings, it has been suggested that gene looping may have an important
role in the reinitiation of transcription. Understanding these diverse roles of gene
looping requires a complete elucidation of the mechanism of gene looping and
identification of the factors involved in the process.
To identify the protein factors that facilitate gene looping, we first set out to
analyze the role of RNAP II subunits in gene looping. Considerable work has
been done on RNAP II subunits associated with initiation of transcription. There
is, however, relatively less information on polymerase subunits that function in
termination of transcription. To elucidate the effect of termination on gene
looping, we used termination-deficient mutants of RNAP II. The mutations in
these termination-deficient strains were traced to Rpb3, Rpb11, and Rpb4
subunits of RNAP II. The results of the effect of these mutations on transcription
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of INO1, MET16 and CHA1 has been described in chapter 2. We found that
deletion of Rpb4 resulted in a terminator readthrough phenotype for INO1 and
CHA1, thereby confirming the requirement of this subunit in termination. Crystal
structure showed that Rpb4 exhibits a direct physical interaction with the
Mediator head module subunit Srb5/Med18. This prompted us to look into the
role of this Mediator subunit in termination of transcription and gene looping.
The role of Mediator in termination of transcription is analyzed in Chapter 3. We
deleted Srb5/Med18 by site-specific recombination and examined its effect on
the termination of transcription of INO1 and CHA1. Loss of Srb5/Med18 resulted
in a significant decrease in steady state transcript level of INO1 and CHA1. We
then set out to elucidate the step of transcription effected by Srb5/Med18.
Contrary to the established role of Mediator in initiation of transcription, we found
that Mediator subunit Srb5/Med18 affects the termination of transcription of a
subset of genes in budding yeast.
We next probed into the mechanism of Mediator action in termination of
transcription. We asked if Srb5/Med18 played a direct or an indirect role in
transcription termination. The results of this investigation are presented in
chapter 4. We found that Srb5/Med18 plays a direct role in termination of
transcription of a subset of genes and this effect is dependent on gene looping.
This study has generated valuable insights into the role of Mediator and RNAP II
in gene looping. The results of this investigation also suggest a physiological
function for gene looping in termination of transcription.
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Finally, we set out to examine the prevalence of gene looping in budding
yeast. To this end, we have performed the ChIP-Seq analysis to determine the
genomewide distribution of TFIIB in exponentially growing yeast cells. The ChIPSeq analysis will identify all the genes that exhibit TFIIB occupancy on their
promoter and terminator regions. Our preliminary studies have confirmed that
genes that carry TFIIB at both the ends are in a looped configuration (El Kaderi
et al., 2009). Genomewide occupancy of TFIIB therefore will give an insight into
the number of genes that exhibit transcription-dependent gene looping in budding
yeast. The probable future directions are presented in chapter 5.
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CHAPTER 2

A ROLE FOR RNAP II SUBUNIT RPB4 IN TERMINATION OF
TRANSCRIPTION AND GENE LOOPING

ABSTRACT
Gene looping is the consequence of the interaction of the 5’ and 3’ ends of a
gene in a transcription-dependent manner. First reported in budding yeast, gene
looping has been reported in a number of higher eukaryotes. Proper termination
is a pre-requisite for gene looping, and accordingly looped configuration is lost in
the mutant subunits of CPF and CF1 3’ end processing/termination complexes.
Apart from 3’ end processing factors, RNAP II subunits Rpb1, Rpb3, Rpb4, and
Rpb11 have also been implicated in the termination of transcription in budding
yeast. However, a role of RNAP II in termination of transcription has not
unequivocally demonstrated. This prompted us to look into the role of these
subunits in termination of transcription. Reverse transcriptase-PCR analysis
revealed that Rpb4 is required for the transcriptional activation of INO1 and
CHA1 genes but not for MET16. In the absence of Rpb4, the recruitment of TFIIB
onto the promoter remained unaffected, thereby suggesting that the initiation of
transcription was not affected in the mutant strain. TRO analysis, however,
revealed a transcription readthrough phenotype in rpb4- strain. The overall
conclusion of these results is that Rpb4 is required for the termination of
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transcription of a subset of genes. Furthermore, looping of genes that required
Rpb4 for termination was adversely affected in rpb4- cells.

INTRODUCTION
Eukaryotic RNA polymerases I, II and III are responsible for the synthesis of
rRNA, mRNA and tRNA respectively. These three enzymes, RNAP I, II and III,
are comprised of 14, 12 and 17 subunits respectively (Carter and Drouin, 2010).
To date, RNAP II is the best characterized of all the eukaryotic RNA
polymerases. The structure of RNAP II is highly conserved among eukaryotes.

The subunits of RNAP II are named in order of their decreasing molecular
weight, with Rpb1 being the largest subunit and Rpb12 being the smallest (Fig.
2.1). In budding yeast, the 12 subunits of RNAP II can be classified into three
groups: (i) subunits that are shared between RNAP I, II and III (Rpb5, 6, 8, 10,
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12); (ii) subunits that are specific to RNAP II (Rpb1, 2, 3, 11), and (iii) the
dissociable subunits (Rpb4 and 7) that are not essential for transcription in vitro
(Cramer et al., 2000). Only Saccharomyces cerevisiae RNAP II exists in a 10subunit core and a dissociable subcomplex formed by Rpb4 and Rpb7 (Edwards
et al., 1991).
The 12 subunits of RNAP II have been implicated in different functions during
the process of transcription. The two largest subunits, Rpb1 and Rpb2, are
required for binding to the DNA template. Rpb1 contains a groove for the entry of
deoxyribonucleotides. Rpb7 has two RNA binding domains and plays a pivot role
in mRNA decay (Lotan et al., 2007). Rpb9 has been implicated in start-site
selection, but is dispensable for assembly of the 10-subunit enzyme (Hull et al.,
1995). While the two largest subunits, Rpb1 and Rpb2, have well-established
roles in the initiation of transcription, recently published results suggest that some
of the RNAP II subunits function in the termination of transcription. The carboxyterminal domain (CTD) of the largest subunit Rpb1 consists of multiple repeats of
the heptapeptide sequence (YSPTSPS). The phosphorylation of Ser2 of CTD is
critical for the recruitment of 3’ end processing factors and for termination of
transcription (Kim et al., 2010). In the crystal structure, the Rpb3/Rpb11
heterodimer lies in close proximity of the RNA exit channel (Cramer et al., 2001).
It was, therefore, proposed that the 3’ end processing factors that contact the
nascent RNA also associate with the Rpb3/Rpb11 heterodimer. Accordingly,
mutations in subunits Rpb3 (rpb3E6K) and Rpb11 (rpb11E108G) resulted in the
expression of the URA3 gene located downstream from the terminator region of
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a reporter gene. This resembles the transcription readthrough phenotype and is
indicative of defective termination (Kuehner and Brow, 2008; Steinmetz et al.,
2006). Intriguingly, mutations in the bacterial counterpart of the Rpb3/Rpb11
heterodimer, the α-subunit homodimer, also led to the readthrough of a
termination signal, thereby suggesting a highly conserved role of these subunits
in transcription termination (Lara-Gonzalez et al., 2010). The Rpb4/Rpb7
heterodimer is located near the CTD of the Rpb1 subunit, a position with
potential for the interaction with the termination factors. Accordingly, deletion of
Rpb4 affected the recruitment of 3’ end processing factors during transcription.
Moreover, the interaction of RNAP II with the termination factors was
compromised in the absence of Rpb4, indicating a direct involvement of this
subunit in the termination of transcription (Runner et al., 2008). Although this
evidence strongly suggests a role for the Rpb3/Rpb11 and Rpb4/Rpb7 subunits
in the termination of transcription, an explicit termination defect has not been
demonstrated for either of these subunits.
Intriguingly, all the above-mentioned subunits associated with termination,
play a central role in facilitating the interaction of RNAP II with the 21-subunit
Mediator complex. Mediator subunit Srb5 exhibits a genetic as well as a direct
physical interaction with the Rpb1, Rpb4, and Rpb3/Rpb11 subunits of RNAP II
(Davis et al., 2002). Crystal structure of a RNAP II-Mediator complex revealed
that Srb5 and Rpb4 lie in close physical proximity (Cai et al., 2010; Imasaki T,
2011). While Mediator plays a significant role in initiation of transcription, it’s
involvement in termination has not been reported so far. The interaction of
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promoter-associated Mediator with the subunits of terminator-bound RNAP II
may serve to couple termination to reinitiation.

MATERIALS
Yeast Strains
The yeast strains used in this study are listed in Table B.1 (Appendix B).
Strain pairs FY23 (WT) and BPM7 (rpb4-) are isogenic. BPM7 was constructed
by replacing the entire ORF of RPB4 by KANMX6, as described in (Wach et al.,
1994). The C-terminal TAP-tagged TFIIB strain (BPM7) was derived from the
FY23 by transforming with a PCR product amplified from pBS1569 (URA
marker). The primers used for tagging are listed in Table C.2 (Appendix C). Rpb3
(rpb3K9E) and Rpb11 (rpb11E108G) mutants are generous gifts from Dr. David
Brow. The experimental methods for CCC (Chromosome conformation capture),
RT-PCR (Reverse transcriptase-PCR), ChIP(Chromatin immunoprecipitation)
and TRO(Transcription run-on) assays used in this chapter are described in
appendix A.

RESULTS

Role of Rpb3 and Rpb11 subunits in transcription and gene looping
In order to determine if RNAP II subunits involved in termination also play
a role in gene looping, it was necessary to first elucidate their effect on
transcription. We chose two genes, INO1 and MET16, whose transcription states
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can be regulated by the presence or absence of inositol or methionine
respectively, in the media. The INO1 gene is repressed in the presence of
inositol and is activated when inositol is removed from the medium. Similarly,
MET16 is repressed in the presence of methionine but is activated in a medium
devoid of methionine. We analyzed the transcription of these two genes using
reverse transcriptase PCR (RT-PCR) in the wildtype and the RNAP II mutant
strains. We observed that mutations in RNAP II subunits Rpb3 (K9E) and Rpb11
(E108G) did not affect transcript level of either INO1 or MET16 compared to wild
type under inducing conditions (Fig. 2.2B, lanes 2, 4 and 6; Fig. 2.2E, lanes 2, 4
and 6). Gene looping was monitored by CCC assay in the same batch of cells
where RT-PCR was performed. P1-T1 PCR product was taken as the measure
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of looping signal in these experiments. We observed that there was no significant
decrease in P1-T1 PCR signal in the termination deficient mutants of Rpb3 and
Rpb11 compared to the wildtype cells (Fig. 2.2C, lanes 2, 4 and 6; Fig. 2.2F,
lanes 2, 4 and 6). These results clearly indicate that the tested Rpb3 and Rpb11
mutations had no effect on either transcription or gene looping of INO1 and
MET16 genes.

Role of Rpb1 and Rpb4 subunits in transcription
We next tested the effect of the deletion mutant of Rpb4 on transcription
and gene looping. RPB4 is not an essential gene in budding yeast. The rpb4cells, however, are sick and grow very slowly. Deletion of Rpb4 did not affect
transcription of MET16 appreciably (Fig. 2.3D, lane 4). There was, however, a
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dramatic decrease in the transcript level of INO1 under inducing conditions in
rpb4- cells (Fig. 2.3B, lane 4). To further analyze the role of Rpb4 in transcription,
we selected CHA1, whose transcription is repressed in the presence of a
ammonium sulfate and activated in the presence of serine and threonine in the
growth medium. Our results showed that induced transcription of CHA1 was
compromised in the absence of Rpb4 in the cells (Fig. 2.3C, lane 4). These
results indicate that Rpb4 affects the transcription of a subset of genes in
budding yeast.

Rpb4 does not affect initiation of transcription
The results described above clearly indicate that Rpb4 is essential for
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induced transcription of both INO1 and CHA1. It was however not explicit from
these experiments if Rpb4 is required for the initiation or termination of
transcription of these genes. To further probe the role of Rpb4 in the transcription
of INO1 and CHA1, we examined the recruitment of TFIIB onto the promoter
region of these genes in wild type and rpb4- cells during activated transcription. A
decrease in the recruitment of TFIIB onto the promoter region of genes in yeast
under inducing conditions is indicative of an initiation defect. TFIIB-ChIP was
therefore performed in the wildtype and Rpb4 deletion strain. TFIIB crosslinking
to the promoter of both INO1 and CHA1 remained unaffected in the absence of
Rpb4 (Fig. 2.4B, lane 1; Fig. 2.4E, lane 1; Figs. 2.2C and 2.2F region A). A
logical conclusion of these results is that Rpb4 is not involved in initiation of
transcription of either INO1 or CHA1. Interestingly, the occupancy of TFIIB at the
terminator region of both genes was compromised in the rpb4- strain (Fig. 2.4B,
lane 4; Fig. 2.4E, lane 4; Figs. 2.2C and 2.2F region D).

Rpb4 is required for termination of CHA1
TFIIB-ChIP analysis suggested that Rpb4 does not affect initiation of
transcription. The observed decrease in the transcription of INO1 or CHA1 genes
in the absence of Rpb4 therefore could be attributed to either an elongation
defect or a termination defect. To determine the step of transcription affected by
Rpb4, transcription run-on (TRO) analysis was carried out on the CHA1 gene in
the wild type and rpb4- cells. TRO assay signals the position of a transcriptionally
active polymerase on a gene. It differs from RNAP II-density-ChIP, which
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indicates the position of both transcriptionally active as well inactive enzymes on
a gene. In rpb4- cells, TRO signal was detected beyond the terminator region of
CHA1, indicating a terminator-readthrough phenotype (Fig. 2.5B, lanes E, F, and
G). No such read-through was observed in the wildtype cells (Fig. 2.5B, lanes E,
F, and G). To corroborate the results, TRO analysis was carried out in rpb1-1
strain, which is defective in initiation of transcription. TRO analysis of rpb1-1
clearly showed a initiation defect (Fig. 2.5B, lane A). These results confirmed the
role of Rpb4 in the termination of transcription.

Role of Rpb4 in gene looping
Previous studies have found that TFIIB crosslinking to the 5’ and 3’ ends
of a transcriptionally active gene coincided with the gene assuming a looped
configuration (El Kaderi et al., 2009; Medler et al., 2011; Singh and Hampsey,
2007). In looping defective strains, TFIIB crosslinked only to the 5’ end of the
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gene but failed to contact the terminator. In rpb4- mutants, TFIIB crosslinking to
the promoter remained unaffected, but the terminator occupancy of the factor
was completely abolished. These results suggested that Rpb4 may be required
for gene looping-associated transcriptional activation of INO1 and CHA1. To
determine the role of Rpb4 in gene looping, CCC analysis was carried out in the
wild type and Rpb4 deletion strain under inducing and non-inducing conditions of
INO1 and MET16 genes. Our results show that the P1-T1 looping signal for INO1
was significantly reduced in the Rpb4 mutant under inducing conditions (Fig.
2.6C, lane 4). In contrast, gene looping of MET16, whose transcription is not
affected by Rpb4, remained unaffected in rpb4- cells (Fig. 2.6C, lane 4). These
results suggest that Rpb4 may be affecting induced transcription of a subset of
genes through gene looping.
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DISCUSSION
RNAP II is the central component of the eukaryotic transcription cycle. The
subunits of RNAP II associate with many factors during different stages of the
transcription cycle. The RNAP II subunits involved in the initiation and elongation
steps of transcription are relatively well studied. We however have only a modest
understanding of the polymerase subunits involved in the termination of
transcription. Some preliminary studies have reported a possible role for Rpb3,
Rpb11, Rpb4 and Rpb7 subunits in the termination of transcription (Runner et al.,
2008; Steinmetz et al., 2006). Strong evidence in support of the role of these
subunits in termination is however lacking.
During RNAP III transcription cycle, three polymerase subunits (C11, C37,
and C53) were recently identified with roles in the termination step of
transcription (Landrieux et al., 2006). Of these three subunits, C11 was unique as
it was not merely required for proper termination, but also for the recycling of
polymerase from the terminator to the promoter for the reinitiation of transcription
in an in vitro transcription assay. A similar termination-coupled reinitiation was
also observed during transcription of histone genes in Archaea (Spitalny and
Thomm, 2008). Even before the RNAP III and Archae findings, It was proposed
that a similar termination-facilitated reinitiation may be taking place during RNAP
II transcription cycle as well (Dieci and Sentenac, 2003). Here we provide
evidence for such a role for RNAP II subunit Rpb4 in the termination of
transcription for a subset of genes in yeast. Activated transcription of INO1 and
CHA1 is dependent on Rpb4 (Fig. 2.3). Rpb4 has been reported to affect
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recruitment of 3ʹ′ end processing factors Rna15 and Rna14 (Runner et al., 2008),
but it was still unclear whether Rpb4 exerted an initiation, elongation or a
termination defect. Our results confirmed that Rpb4 does not affect initiation step
of transcription at least for the two genes that we studied. CCC analysis showed
that a decrease in transcription in the absence of Rpb4 was accompanied by a
decrease in looping signal as well. Accordingly, TFIIB failed to crosslink to the
terminator of INO1 and CHA1 in the absence of Rpb4, thereby confirming the
looping defect. It has been proposed that gene looping may help couple
termination to reinitiation during active transcription (O'Sullivan et al., 2004;
Shandilya and Roberts, 2012). Our results suggest the possibility of Rpb4 playing
a role similar to C11 of RNAP III in coupling termination to reinitiation through
gene looping and keeping a gene in a transcriptionally activated state.
Crystal structure showed that the Med18-Med20 heterodimer exhibits a
direct physical interaction with the Rpb4-Rpb7 subunits of RNAP II (Cai et al.,
2010). However nothing is known about the functional significance of this
interaction. It will therefore be interesting to investigate if the interaction of
Mediator subunit Srb5/Med18 with Rpb4 plays a role in the termination and
termination-linked reinitiation of transcription.
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CHAPTER 3

NOVEL ROLE FOR MEDIATOR SUBUNIT SRB5/MED18 IN TERMINATION OF
TRANSCRIPTION

This chapter has been published:
Mukundan B., Ansari A. (2011) Novel role for mediator complex subunit
Srb5/Med18 in termination of transcription. J Biol. Chem. 286:37053-7. DOI:
10.1074/jbc.C111.295915.
ABSTRACT
Mediator complex functions at the recruitment as well as the post-recruitment
steps of transcription. Here we provide evidence for a novel role of Mediator in
termination of transcription. Mediator subunit Srb5/Med18 cross-links to the 5'
and 3' ends of INO1 and CHA1. In srb5- cells, recruitment of TATA-binding
protein (TBP) and transcription factor IIB (TFIIB) onto the promoter of these
genes remained unaffected, but cross-linking of the cleavage-polyadenylation
factors Rna15 and Pta1 toward the 3' end of genes was compromised. In these
cells, RNA polymerase II accumulated near the 3' end of genes and beyond.
Transcription run-on analysis confirmed a transcription readthrough phenotype in
the absence of Srb5/Med18. These results strongly suggest that Mediator
subunit Srb5/Med18 is required for proper termination of transcription of a subset
of genes in budding yeast.
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INTRODUCTION
Mediator is a multisubunit megacomplex that plays a key role during
transcription of protein-encoding genes in eukaryotes (Casamassimi and Napoli,
2007; Conaway and Conaway, 2011; Malik and Roeder, 2010; Taatjes, 2010). It
was discovered as a factor that helps activators communicate with the general
transcription machinery in budding yeast (Flanagan et al., 1991; Kim et al., 1994;
Thompson et al., 1993). Since then the role of Mediator in activator-dependent
transcription has become well established among eukaryotes (Malik and Roeder,
2010). Recent evidence suggests that Mediator is required for basal transcription
as well (Ansari et al., 2009; Baek et al., 2006; Baek HJ, 2002; Malik et al., 2002;
Mittler et al., 2001; Takagi and Kornberg, 2006). Although Mediator is structurally
and functionally conserved throughout eukaryotes, the precise subunit structure
and composition of the complex varies within a species and among species
(Bourbon, 2008; Taatjes, 2010). Mediator is recruited to the promoter region
before binding of RNAP II and the general transcription factors. The promoterbound Mediator then facilitates the recruitment of general transcription factors
and RNAP II to form a preinitiation complex (PIC).
It is generally believed that Mediator helps in the assembly of the PIC during
first round of transcription and further stabilizes the assembled PIC for
subsequent rounds of transcription (Myers and Kornberg, 2000; Yudkovsky et al.,
2000). Several lines of evidence suggest that the role of Mediator is not restricted
to the recruitment of basal transcription machinery, but the complex has a ‘postrecruitment’ role as well (Malik and Roeder, 2010). First, genomewide analysis
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revealed the association of Mediator with the coding region of transcriptionally
active genes in budding yeast (Andrau et al., 2006). Second, genetic analysis in
yeast revealed the interaction of Mediator subunits with Set2, a histone methyl
transferase, which functions during transcription elongation (Dettmann et al.,
2010; Krogan et al., 2003). Third, Mediator subunit Med23 is required for
stimulation of transcription of the serum responsive gene, EGR1, at a step after
the assembly of the PIC on the gene (Wang G, 2005). Fourth, Mediatordependent transcriptional activation in a reconstituted in vitro system required the
elongation factor DSIF (Malik S, 2007). Lastly, Mediator subunit Med26 recruits
the elongation complex containing ELL/EAF and p-TEFB to facilitate the release
of paused polymerase into productive elongation (Takahashi H, 2011). These
reports reflect an extension of Mediator function into the initiation and early
elongation steps of transcription. Despite the presence of Mediator near the 3’
ends of some genes in yeast (Andrau et al., 2006), involvement of the complex in
termination of transcription has not yet been demonstrated. Here we provide
evidence that the function of Mediator extends well beyond its role in PIC
assembly, initiation and elongation into the last phase of the transcription cycle,
that is, termination.
MATERIALS
Construction of Yeast strains
The yeast strains used in this study are listed in Table 2 (Appendix B).
Strain pairs FY23 (WT) and BPM2 (srb5-); SP10 and BPM12; BPM9 and BPM36;
BPM34 and BPM35; ABP1 and BPM37 are isogenic. BPM2 and BPM12 were
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constructed by replacing the entire ORF of SRB5 by KANMX6 and TRP genes
respectively, as described in (Wach et al., 1994). The C-terminal Myc-tagged
Rna15 (SAM51, BPM33), HA-tagged Pta1 (BPM9, BPM36), Myc-tagged Srb4
(BPM34, BPM35) and TAP-tagged Med15 (ABP1, BPM37) strains were derived
from the FY23 and BPM2 strains by transforming with a PCR product amplified
from pFA6-13Myc-TRP1, pFA6-3HA-TRP1, pFA6-13Myc-TRP1, or pBS1479
(TRP marker) respectively. The primers used for tagging are listed in Table C.2
(Appendix C). The experimental methods for assays used in this chapter are
described in appendix A.

RESULTS
Genetic and biochemical approaches as well as electron microscopy
studies have identified three evolutionarily conserved, structural modules termed
‘head’, ‘middle’, and ‘tail’ in the core Mediator complex (Chadick and Asturias,
2005; Guglielmi B, 2004). A fourth ‘kinase’ module dynamically associates with
the core complex to form a larger Mediator complex (Knuesel et al., 2009b). The
tail module interacts with the gene specific transcription regulators while the head
module facilitates the direct recruitment of RNAP II and the general transcription
factors to the promoter region (Bjorklund and Gustafsson, 2005; Cai et al., 2010).
Genetic and structural studies have revealed that subunits of the head module
make extensive contacts with the RNAP II subunits. X-ray diffraction analysis of
the head module of yeast Mediator identified seven subunits organized into
distinct domains (Imasaki T, 2011). One of these subunits, Srb5 (Med18), forms
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a heterodimer with Med20 and occupies a peripheral position in the overall
architecture of the head module (Imasaki T, 2011). Srb5 is required for the
transcription of a subset of genes in budding yeast (Holstege et al., 1998). It
exhibits a genetic as well as a physical interaction with several RNAP II subunits.
Srb5 was discovered as one of the suppressors of the carboxy-terminal domain
(CTD) truncation mutation of Rpb1 (Thompson et al., 1993). Recently, Srb5 was
identified as a suppressor of a L111A mutation in the Rpb11 subunit of
polymerase (Proshkina and Shpakovskii, 2009). Srb5 also exhibits a genetic
interaction with Rpb4 (Cai et al., 2010). Structural studies showed the Srb5Med20 heterodimer in close physical proximity of Rpb4/7 subunits of RNAP II
(Cai et al., 2010; Imasaki T, 2011). Intriguingly, all the Srb5-interacting subunits
of RNAP II; Rpb1, Rpb11, Rpb4 are implicated in the termination of transcription.
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Rpb1 is not directly involved in termination, but phosphorylation of Ser2 of its
CTD is a pre-requisite for the recruitment of CF1 3’ end processing/termination
complex towards the 3’ end of genes.

Mediator subunit Srb5 occupies the terminator region of a subset of genes
The interaction of Srb5 with RNAP II subunits involved in the termination
of transcription prompted us to investigate its role in this process in budding
yeast. Since Srb5 is not required for transcription of all genes, we selected two
genes, INO1 and CHA1, whose induced transcription is dependent on Srb5
(Figs. 3.1B and 3.1D). The transcription of INO1 is induced upon depletion of
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inositol from the medium (El Kaderi et al., 2009), while CHA1 is induced in the
presence of serine/threonine in the culture medium (Petersen et al., 1988). We
reasoned that if Srb5 plays a role in termination of transcription of INO1 and
CHA1, it will crosslink to the 3’ end of these genes. ChIP analysis revealed that
Srb5 indeed is localized to the terminator as well as the promoter regions of both
genes upon induced transcription (Fig. 3.2B lanes 5 and 8; Fig. 3.2E, lanes 13
and 16). Srb5 ChIP signal at the 3’ end, however, was marginally lower than that
at the 5’ end (Figs. 3.2C and 1F, grey bars, region A and D). Furthermore, there
was absolutely no signal for Srb5 in the body of the genes (Fig. 3.2B lanes 6 and
7; Fig. 3.2E lanes 14 and 15). These results are consistent with a role for Srb5 in
the termination of transcription of these genes.

Recruitment of 3’ end processing/termination factors towards the 3’ end of
genes is affected in the absence of Srb5
Mediator is a coactivator that facilitates the recruitment of general
transcription factors and RNAP II onto the promoter of transcribing genes.
Biochemical, genetic and structural studies have demonstrated direct physical
interaction of subunits of the head module of Mediator with TBP, TFIIB, RNAP II
and TFIIH (Cai et al., 2010; Esnault C, 2008; Imasaki T, 2011; Lariviere et al.,
2006). However, there is no published report suggesting a role for Mediator in
recruiting 3’ end processing/termination machinery towards the 3’ end of
transcriptionally active genes. In budding yeast, there are two multisubunit
complexes called the cleavage factor 1 (CF1) complex and the cleavage and
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polyadenylation factor (CPF) complex that participate in 3’ end processing of premRNA as well as the termination of transcription (Mandel et al., 2008). Since
Srb5 was found occupying the extremities of transcriptionally induced INO1 and
CHA1 genes, we examined the role of Srb5 in the recruitment of factors at both
the 5’ and the 3’ end of these two genes. Our experimental strategy involved
analyzing the binding of the general initiation factors TBP and TFIIB near the
promoter and the 3’ end processing/termination factors Rna15 and Pta1 towards
the terminator regions of INO1 and CHA1. The binding studies were performed in
the cells deleted for srb5 and isogenic wild type cells. Our results indicate that
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TBP and TFIIB occupancy of the promoter region of INO1 and CHA1 remained
unaffected in the absence of Srb5 (Fig. 3.3B lanes 1 and 5; Fig. 3.3C; Fig. 3.3E
lanes 9 and 13; Fig. 3.3F), but crosslinking of TFIIB to the 3’ end was
compromised (Fig. 3.3B lanes 4 and 8; Fig. 3.3C; Fig. 3.3E lanes 12 and 16; Fig.
3.3F). The recruitment of CF1 subunit Rna15 and CPF component Pta1 towards
the 3’ end of both genes exhibited a dramatic decrease in srb5- cells (Fig. 3.3B
lanes 4 and 8; Fig. 3.4C region D; Fig. 3.4E lanes 12 and 16; Fig. 3.4F region D).
Since Rna15 and Pta1 are integral components of the CF1 and CPF complexes
respectively, we infer that Srb5 may directly or indirectly facilitate recruitment of
the CF1 and CPF complexes to the 3’ end of INO1 and CHA1.
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Srb5 is required for the termination of INO1 and CHA1 transcription
The failure of recruitment of CF1 and CPF 3’ end processing/termination
complexes at the 3’ end of INO1 and CHA1 in srb5- cells may be due to a
termination defect. An initiation or an elongation defect, however, will lead to a
similar consequence. In order to determine the step in the transcription cycle that
affected the recruitment of 3’ end processing/termination factors in srb5- cells, we
measured RNAP II accumulation in different regions of INO1 and CHA1 during

activated transcription of these genes. An RNAP II ChIP assay was performed in
srb5- cells and isogenic wild type cells. The results show that RNAP II was
almost uniformly distributed throughout INO1 and CHA1 genes (Figs. 3.5B and
3.5D, black bars) during induced transcription in wild type cells. In the absence of
Srb5, however, RNAP II signal at the promoter of both INO1 and CHA1
decreased by 3-4 fold (Figs. 3.5B and 3.5D, region A). These results are in
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agreement with the well established role of Mediator in the recruitment of RNAP
II to the promoter region. Intriguingly, the polymerase concentration progressively
increased from the promoter towards the terminator of both genes in srb5- cells
(Figs. 3.5B and 3.5D). The greatest concentration of RNAP II was near the 3’
end, and in the downstream intergenic region (Figs. 3.5B and 3.5D, regions E, F
and G). On average, the polymerase ChIP signal near the 3’ end was about 3-4
fold higher in srb5- cells compared to the wild type cells (Figs. 3.5B and 3.5D,
region F). An interpretation of these observations is that RNAP II reads through
the termination signal in the absence of Srb5. After passing the termination
signal, RNAP II is not released from the template, but tends to accumulate
beyond the 3’ end of genes. The readthrough of the termination signal and the
accumulation of engaged RNAP II beyond the 3’ end of the gene are
characteristics of a termination defect (Richard and Manley, 2009). These
results, therefore, strongly argue in favor of a role for Srb5 in the termination of
transcription of INO1 and CHA1.
ChIP analysis indicates the position of template-bound RNAP II that may
or may not be transcriptionally active. To corroborate the role of Srb5 in
termination of transcription, it was important to show that the polymerase, which
was reading through the termination signal and accumulating near the 3’ end of
genes, was transcriptionally active. A nuclear run on analysis was therefore
carried out for CHA1, which has a long intergenic region flanking its 3’ end (Fig.
3.6A). The detection of any run-on transcripts now reveals active engagement of
polymerase. The result shows that the polymerase reading through the
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terminator region of CHA1 into the intergenic region in srb5- cells is
transcriptionally engaged (Fig. 3.6B lanes E, F and G; Fig. 3.6C). No such
transcription readthrough, however, was observed in wild type cells (Fig. 3.6B
lanes E, F and G; Fig. 3.6C). These results strongly suggest that Mediator
subunit Srb5 is involved in the termination of transcription of INO1 and CHA1 in
budding yeast.

Recruitment of Mediator complex to the promoter of INO1 and CHA1 is not
affected in srb5- cells.
Srb5 is not essential for cell viability. The Mediator complex retains its stability
even in the absence of Srb5 (Takagi and Kornberg, 2006). To determine if the
observed role of Srb5 on the termination of transcription was due to the lack of
recruitment of the whole Mediator complex, rather than the specific role of Srb5,
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we performed ChIP analysis for Srb4 and Med15, which are the subunits of head
and tail Mediator modules, respectively. Both Srb4 and Med15 were recruited to
the promoter region of INO1 and CHA1 in srb5- cells with wild type efficiencies
(Figs. 3.7B and 3.7D). Thus, the recruitment of Mediator to the 5’ end of genes is
not affected in srb5- cells. Taken together, our findings implicate the Srb5 subunit
of Mediator in termination of transcription.

DISCUSSION
We provide four lines of evidence that Mediator subunit Srb5 is involved in the
termination of transcription of a subset of genes in budding yeast. First, Srb5
crosslinked to the terminator region of INO1 and CHA1 during their activated
transcriptional state. Second, CF1 and CPF 3’ end processing/termination
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complexes failed to get recruited near the terminator region of both genes in the
absence of Srb5. Third, RNAP II ChIP demonstrated accumulation of polymerase
near the 3’ end of genes and in the intergenic region. Fourth, TRO analysis
confirmed a transcription read-through phenotype in the absence of Srb5.
There are several possible explanations for the role of Srb5 in the
termination of transcription. First, Srb5 may be directly facilitating the recruitment
of CF1, CPF, or both complexes. Second, Srb5 may be involved in regulating
phosphorylation of Ser2 of CTD, which in turn facilitates the recruitment of CF1
and CPF complexes. Third, the role of Srb5 in termination may be through its
interaction with Rpb4 subunit of RNAP II. Structural studies have identified Srb5
in close physical proximity to Rpb4 in the RNAP II holoenzyme complex (Cai et
al., 2010). Intriguingly, Rpb4 has been implicated in termination of transcription in
yeast (Runner et al., 2008).
Srb5 was found crosslinked to the promoter and the terminator regions of
INO1 and CHA1 exclusively during their activated transcriptional states (Figs.
3.2B, 3.2C, 3.2E and 3.2F). This raises the possibility that the molecule of Srb5
crosslinking to the terminator could be different from the one occupying the
promoter region. However, the promoter-terminator occupancy of Srb5 is only
observed during activated transcription. It has been previously shown that yeast
genes are in a looped configuration during such an activated state (El Kaderi et
al., 2009; Laine et al., 2009; Medler et al., 2011). It was also shown that TFIIB
crosslinks to both the 5’ and 3’ ends only when the genes were in looped
configuration (El Kaderi et al., 2009; Laine et al., 2009; Medler et al., 2011; Singh
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and Hampsey, 2007). The crosslinking of TFIIB to both the ends of INO1 and
CHA1 upon induced transcription (Figs. 3.3B, 3.3C, 3.3E and 3.3F) suggests that
the two genes are in a looped architecture with their promoter and terminator
regions lying in close physical proximity. We therefore propose that it is the
promoter bound Srb5 that is contacting the juxtaposed terminator region of
looped INO1 and CHA1 during induced transcription of genes.
In the absence of Srb5, a unique distribution pattern of RNAP II was
observed on INO1 and CHA1. There were few RNAP II molecules in the
promoter regions of these genes during induced transcription. RNAP II density
progressively increased towards the 3’ end, with the highest concentration
observed in the intergenic region beyond the terminator. Since genes are in a
looped configuration during activated transcription in budding yeast (El Kaderi et
al., 2009; Medler et al., 2011), our findings raise the intriguing possibility that
Srb5 may be facilitating the transfer of RNAP II from the terminator to the
juxtaposed promoter for reinitiation. In the absence of Srb5, such a transfer is not
possible and consequently there is more polymerase near the 3’ end of genes
compared to the promoter. Thus, Srb5 may play a role even beyond termination,
in coupling termination to reinitiation of transcription.
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CHAPTER 4

A ROLE FOR GENE LOOPING IN SRB5-DEPENDENT TERMINATION OF
TRANSCRIPTION

This chapter is under revision as a manuscript.
Mukundan B., Ansari A. JBC (2012) A role for gene looping in Srb5-dependent
termination of transcription for J. Biol. Chem.

ABSTRACT
We have earlier demonstrated the involvement of Mediator subunit Srb5 in
the termination of transcription for a subset of genes in yeast. Srb5 could affect
termination either indirectly by modulating CTD-Ser2 phosphorylation near the 3′
end of a gene or directly by physically interacting with the CPF or CF1 complex
and facilitating their recruitment to the terminator region. Here we show that
CTD-Ser2 phosphorylation pattern on Srb5-dependent genes remain unchanged
in the absence of Srb5 in cells. Coimmunoprecipitation analysis revealed the
physical interaction of Srb5 with the CF1 complex. No such interaction of Srb5
with the CPF complex, however, could be detected. We provide evidence that
Srb5 was interacting with the CF1 subunits as a component of Mediator complex.
Srb5-CF1 interaction was not observed in the looping defective sua7-1 strain.
Srb5 crosslinking to the 3′ end of genes was also abolished in sua7-1 strain.
CCC analysis revealed that the looped architecture of Srb5-depenent genes was

56
compromised in srb5- cells. Furthermore, Srb5-dependent recruitment of the CF1
complex at the 3′ end of genes was hampered in the looping defective sua7-1
cells. The overall conclusion of these results is that Srb5 facilitates termination of
transcription by facilitating recruitment of the CF1 complex to the terminator
region, and gene looping plays a crucial role in the process.

INTRODUCTION
The role of Mediator in the recruitment and assembly of preinitiation
complex is well established (Flanagan et al., 1991; Kim et al., 1994; Myers and
Kornberg, 2000; Thompson et al., 1993). Although, Mediator was discovered as
a factor that helps the activator recruit the general transcription machinery onto
the promoter, a few recent reports strongly suggest a function for Mediator in
basal transcription as well (Ansari et al., 2009; Baek et al., 2006; Baek HJ, 2002;
Takagi et al., 2006). The recruitment function of Mediator is an evolutionarily
conserved feature, being observed in yeast as well as in mammalian systems.
Recent studies, however, have revealed that the repertoire of Mediator functions
extends beyond the recruitment of the preinitiation complex into the initiation and
early elongation steps of transcription (Andrau et al., 2006; Conaway and
Conaway, 2011; Conaway and Conaway, 2012; Donner et al., 2010; Krogan et
al., 2003; Malik S, 2007; Takahashi H, 2011; Wang G, 2005). These additional
post-recruitment functions of Mediator have been observed both in yeast and in
higher eukaryotes.
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Mediator is composed of about 22-28 subunits organized into four distinct
submodules (Chadick and Asturias, 2005; Guglielmi B, 2004; Malik and Roeder,
2010). These are the head, middle, tail and kinase submodules. Each of these
submodules has an assigned function. The subunits of tail module are the targets
of gene specific transcription activators; the middle module interacts with
chromatin remodelers; while the head module predominantly interacts with RNAP
II and general transcription factors (Ansari and Morse, 2012; Cai et al., 2012;
Kremer et al., 2012). Genetic analysis in yeast have revealed that many of these
subunits exhibit interactions with the termination factors occupying the 3′ end of a
gene. Ssu72, which is a component of the CPF 3′ end processing complex
required for both cleavage-polyadenylation of mRNA as well as the termination of
transcription, has been found to interact with Mediator subunits Med20/Srb2,
Med8, Med7 and Med31/Soh1 (Collins et al., 2007; Costanzo et al., 2010; Fiedler
et al., 2009; Roguev et al., 2008). Similarly Rtt103, which is required for Rat1dependent termination of transcription by the ‘Torpedo’ mechanism, exhibits a
synthetic genetic link with Med8, Med31/Soh1, Med15/Gal11, Med16/Sin4 and
Med3/Pgd1 subunits (Collins et al., 2007; Costanzo et al., 2010; Wilmes et al.,
2008). Yra1, which is known to couple 3′ end processing with mRNA export to
the cytoplasm, interacts with Med19/Rox3 and Med1 subunits of Mediator
complex (Costanzo et al., 2010; Krogan et al., 2006). Thus, subunits of at least
three Mediator submodules, head, middle and tail, have been found to interact
with the terminator-associated factors.
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The significance of Mediator-termination factor interaction remained a
puzzle until recently, when it was reported that Mediator has an influence on the
termination of transcription (Mukundan and Ansari, 2011). Mediator subunit
Srb5/Med18, which interacts with Rpb4 subunit of RNAP II in the crystal
structure, is required for transcriptional activation of a subset of genes in yeast
(Cai et al., 2010; Holstege et al., 1998; Imasaki T, 2011; Lariviere et al., 2006).
Chromatin immunoprecipitation analysis revealed crosslinking of Srb5/Med18 to
the 3′ end of genes, where it facilitated the recruitment of CF1 and CPF 3′ end
processing-termination complexes (Mukundan and Ansari, 2011). In the absence
of Srb5/Med18, RNAP II readthrough the termination signal leading to a
termination

defect.

The

molecular

mechanism

of

Srb5/Med18-facilitated

termination of transcription, however, remained unclear.
Here we show that Srb5/Med18 has a direct role in the termination of
transcription. Srb5/Med18 physically interacts with the subunits of the CF1
complex and facilitates their recruitment at the 3′ end of genes. Srb5/Med18facilitated recruitment of the CF1 complex was found to be dependent on gene
looping. In the looping defective strain, Srb5/Med18 was unable to recruit CF1
complex on the gene leading to a termination defect. We propose that
Srb5/Med18-dependent gene looping is required for the recruitment of CF1
complex to the 3′ end of genes. Our results suggest that gene looping may have
a broader role in termination of transcription in budding yeast.

59
MATERIALS
Yeast Strains - The yeast strains used in this study are listed in Table 3
(Appendix B). Strain pairs FY23 (WT) and BPM2 (srb5-); SLW3 and BPM41;
SAM51 and BPM33 are isogenic. BPM2 and BPM41 were constructed by
replacing the entire ORF of SRB5 by KANMX6, as described in (Wach et al.,
1994). The C-terminal Myc-tagged Rna15 (SAM51, BPM33), HA-tagged Pta1
(BPM9, BPM36), Myc-tagged Srb4 (BPM34, BPM35) and TAP-tagged Med15
(ABP1, BPM37) strains were derived from the FY23 and BPM2 strains by
transforming with a PCR product amplified from pFA6-13Myc-TRP1, pFA6-3HATRP1, pFA6-13Myc-TRP1, or pBS1479 (TRP marker) respectively. The primers
used for tagging are listed in Table C.2 (Appendix C). The experimental methods
for assays used in this chapter are described under appendix A. Ser2
phosphorylation (3E10) and Rpb1 monoclonal antibodies (8WG16) were
purchased from Millipore and Santa Cruz Biotechnology Inc. respectively.

RESULTS
Srb5/Med18 is required for the termination of transcription for a subset of
yeast genes
Srb5/Med18 is required for the transcriptional activation of about 16% of
genes in budding yeast (Holstege et al., 1998). We have earlier proposed that
Srb5/Med18 brings about enhancement of transcription by facilitating the
termination of transcription of these genes (Mukundan and Ansari, 2011).
Accordingly, we showed that two Srb5/Med18-requiring genes, INO1 and CHA1,
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exhibited a termination defect in the srb5/med18- cells. It was, however, not clear
from this study if the role of Srb5/Med18 in termination of transcription is
restricted to Srb5/Med18-dependent genes or it is generally required for
termination of RNAP II-mediated transcription in yeast. To address the issue, we
carried out transcription analysis of ASC1 gene, which does not require
Srb5/Med18 for activation of its transcription. RT-PCR analysis of ASC1 in the
wild type and srb5/med18- cells did not reveal any decrease in the transcript level
of ASC1 in the absence of Srb5/Med18 (Fig. 4.1B lane 2; Fig. 4.1D). To
investigate the role of Srb5/Med18 in the termination of transcription of ASC1, we
examined the recruitment of CPF and CF1 3′ end processing complexes at the 3′
end of gene by the ChIP approach in the wild type and Srb5/Med18 deleted cells.
There was no decrease in crosslinking of CF1 subunit Rna15 and CPF subunit
Pta1 to the 3′ end of ASC1 in srb5/med18- cells compared to isogenic wild type
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strain (Fig. 4.2B lanes 1 and 3; Figs. 4.2C and 4.2D). TRO analysis revealed that
RNAP II did not readthrough the termination signal of ASC1 in the absence of
Srb5/Med18 in the cells (Fig. 4.3B lanes 2, 3, 4, and 5). These results affirmed
that Srb5/Med18 is not required for termination of transcription of ASC1.
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Accordingly, Srb5 failed to crosslink to the 3’ end of transcriptionally active ASC1
in wild type cells (Fig. 4.4B lane 4). The overall conclusion of these results is that
Srb5/Med18 is required for the termination of transcription of a subset for genes.

Srb5/Med18 does not affect CTD-Ser2 phosphorylation at the 3′ end of a
gene
The termination of transcription by RNAP II is facilitated by CTD-Ser2
phosphorylation and requires CF1 and CPF complexes in yeast (Ahn et al., 2004;
Barilla et al., 2001; Birse et al., 1998; Buratowski, 2009; Dichtl et al., 2002;
Licatalosi et al., 2002; Richard and Manley, 2009). The phosphorylation of CTDSer2 starts during early elongation and continues towards the 3′ end of a
transcriptionally active gene (Komarnitsky et al., 2000). The Ser2 phosphorylated
CTD serves as a loading dock for the recruitment of CF1 and CPF complexes
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near the 3′ end of a gene, which then bring about termination of transcription
(Hirose and Manley, 2000; Richard and Manley, 2009). Srb5/Med18 can affect
termination of transcription either indirectly by affecting phosphorylation of CTDSer2 near the 3′ end of genes or directly by facilitating the recruitment of CF1 or
CPF complex to the terminator site. To test the first scenario, we checked CTDSer2 phosphorylation status in different regions of INO1 and CHA1 in the wild
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type and srb5/med18- cells by ChIP approach. There was no change in the CTDSer2 phosphorylation pattern near the 3′ end of INO1 in the absence of
Srb5/Med18 in cells (Fig. 4.5B, regions D and E). A marginal decrease in Ser2
phosphorylation, however, was observed towards the 3′ end of CHA1 in the
absence of Srb5/Med18 (Fig. 4.5E, regions D and E), which could be attributed
to a decrease in RNAP II density in the region. The normalization of CTD-Ser2
phosphorylation signal with respect to RNAP II density in the region, clearly show
that there is no net decrease in the CTD-Ser2 phosphorylation near the 3′ end of
either INO1 or CHA1 in srb5/med18- cells (Figs. 4.5C and 4.5F). These results
ruled out the possibility of an indirect role of Srb5/Med18 in the termination of
transcription.

Srb5/Med18 interacts with the CF1 complex
Having excluded the prospect of indirect involvement, we next
investigated if Srb5/Med18 is playing a direct role in the termination of
transcription. Srb5/Med18 can affect termination directly by interacting with either
CF1 complex or CPF complex or both and facilitating their recruitment near the
terminator region of a gene. We therefore examined if Srb5/Med18 exhibits a
physical interaction with CF1 or CPF complex in yeast cells. Our experimental
approach involved coimmunoprecipitation of Srb5/Med18 followed by detection of
CF1 and CPF subunits in the immunoprecipitate by Western blot. To facilitate
coimmunoprecipitation, a Myc-tag was inserted at the carboxy-terminus of
Srb5/Med18. Insertion of Myc-tag did not interfere with the biological activity of
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Srb5/Med18 as the transcription of both INO1 and CHA1 remained unaffected in
the tagged strain (data not presented). Additionally, a HA-tag was integrated at

the carboxy-terminus of either the CF1 subunit Rna15 or the CPF subunit Ssu72
for their detection by Western blot. Our results show that the Myc-tagged
Srb5/Med18 was able to coimmunoprecipitate the CF1 subunit Rna15; thereby
suggesting that Mediator subunit interacts with the CF1 complex (Fig. 4.6A, lane
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2). To corroborate the Srb5/Med18-CF1 interaction, we performed the reciprocal
experiment by coimmunoprecipitating HA-tagged Rna15 and looking for the
presence of Srb5/Med18 in the pull down. The HA-tagged Rna15 was able to
coimmunoprecipitate Srb5/Med18, though with slightly reduced efficiency (Fig.
4.6A, lane 3). In contrast, Srb5/Med18 was unable to pull down the CPF subunit
Ssu72 (Fig. 4.6B, lane 5). The reciprocal experiment gave an identical result (Fig.
4.6B, lane 6). Thus, Srb5/Med18 is able to physically interact with the CF1
complex, but not with the CPF complex. Taken together, these results suggest
that Srb5/Med18 bring about termination of transcription by interacting with the
CF1 complex and facilitating its recruitment near the 3′ end of a transcriptionally
active gene.

Srb5/Med18 interacts with the CF1 complex as a component of Mediator
It is possible that Srb5/Med18 is interacting with the CF1 complex
independently, outside the context of Mediator complex. We reasoned that if
Srb5/Med18 is interacting with CF1 complex as a component of Mediator, then
other Mediator subunits will also exhibit a physical interaction with the CF1
subunits. We therefore examined the interaction of another Mediator subunit
Srb4/Med17 with the CF1 complex. The coimmunoprecipitation was performed
using Myc-tagged Srb4/Med17 as described above. The results show that
Srb4/Med17 was able to coimmunoprecipitate CF1 subunit Rna15 (Fig. 4.6C,
lane 9). In the absence of Srb5/Med18, however, Srb4/Med17 failed to pull down
Rna15 (Fig. 4.6C, lane 10). These results suggest that Srb5/Med18 is interacting
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with the CF1 complex as a component of Mediator. Since Srb5/Med18 is
necessary for the interaction of Mediator with the CF1 complex, we propose that
Srb5/Med18 is the connecting link between Mediator and the CF1 complex.
Srb5/Med18 interaction with the 3′ end of genes occur in a loopingdependent manner
To recruit CF1 complex to a transcribing gene, Srb5/Med18 must
physically interact with the 3′ end of the gene. We have previously demonstrated
that Srb5/Med18 does bind to the terminator end of a gene. There are two
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possible approaches Srb5/Med18 can use to interact with the 3′ end of a gene.
One possibility is that the promoter-bound Mediator makes contact with the 3′
end due to gene looping, which is the physical interaction of the promoter and
terminator regions of a gene in a transcription-dependent manner. When a gene
is in looped conformation the promoter and terminator regions of a gene are
juxtaposed, which makes it feasible for the promoter-associated Mediator to
interact with the terminator end of a gene. In such a scenario, the same Mediator
complex is contacting both the ends of a gene. An alternative possibility is that
two separate molecules of Mediator are recruited onto the gene, one at the
promoter and the other at the terminator. This could be accomplished while the
gene remains in a linear conformation. The crosslinking of Srb5/Med18 to the
terminator in this case should not be dependent on gene looping. We reasoned
that if Srb5/Med18 is making contact with the 3′ end of genes due to gene
looping, crosslinking of the Mediator subunit to the 3′ end will be compromised in
a looping deficient strain. We therefore performed chromatin immunoprecipitation
of Srb5/Med18 for INO1 and CHA1 in the looping defective sua7-1 and isogenic
wild type strains. The sua7-1 strain has been used previously to demonstrate the
role of gene looping in transcription memory and intron-mediated transcriptional
regulation. Our results show that Srb5/Med18 signal at the 3′ end of both INO1
and CHA1 decreased by about 2.5-3 fold in the sua7-1 strain compared to in
isogenic wild type strain (Figs. 4.7C and 4.7D region D). The signal at the 5′ end
of both genes, however, remained unaffected in the absence of gene looping
(Figs. 4.7C and 4.7D region A). These results suggest that gene looping is
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essential for interaction of Srb5/Med18 with the 3′ end of genes. Furthermore,
coimmunoprecipitation revealed that the interaction of Srb5/Med18 with the CF1
subunit Rna15 was also compromised in the looping defective strain (Fig. 4.7E
lane 4). The overall conclusion of these results is that Srb5/Med18 interaction
with the 3′ end of genes as well as with the CF1 complex is dependent on gene
looping.

Srb5/Med18 is required for gene looping
TFIIB is a general transcription factor that interacts with both the ends of a
gene during transcription (El Kaderi et al., 2009; Medler et al., 2011; Singh and
Hampsey, 2007). TFIIB has also been found to be critical for gene loop
formation. The looping defective sua7-1 strain has a mutant TFIIB that can be
recruited to the promoter, but fails to interact with the 3′ end of a gene (Singh and
Hampsey, 2007). Like TFIIB, Srb5/Med18 also contacts both the ends of a
transcriptionally active gene (Mukundan and Ansari, 2011). This prompted us to
investigate the role of Srb5/Med18 in gene loop formation. CCC analysis was
therefore carried out for two Srb5/Med18-regulated genes, INO1 and CHA1, in
srb5/med18- and isogenic wild type strains. We have previously used this
approach to demonstrate gene looping in budding yeast (El Kaderi et al., 2012;
El Kaderi et al., 2009; Medler et al., 2011). The P1T1 PCR product is taken as
measure of gene looping in these experiments. We found that both INO1 and
CHA1 assume a looped configuration upon induced transcription in wild type
cells as indicated by P1T1 PCR products (Figs. 4.8B lane 2 and 4.8E lane 6; Figs
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4.8C and 4.8F). The P1T1 looping signal decreased by about 8-10 fold for both
the genes in the absence of Srb5/Med18 in cells (Figs. 4.8B lane 4 and 4.8E lane
8; Figs 4.8C and 4.8F). No such decrease in P1T1 PCR signal however was
observed for ASC1, which does not require Srb5/Med18 for its transcription, in
srb5/med18- cells. On the basis of these results, we conclude that Srb5/Med18 is
required for transcription-dependent looping of a subset of genes.
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Srb5/Med18-facilitated termination of transcription requires gene looping
The results presented so far show that; (1) Srb5/Med18 interacts with the
3′ end of genes in a looping-dependent manner, (2) Srb5/Med18 interaction with
the CF1 complex is dependent on gene looping, and (3) Srb5/Med18 is required
for gene loop formation. On the basis of these results, we propose that the
promoter-bound Srb5/Med18 interacts with the 3′ end of genes leading to the
formation of a looped conformation. The terminator-bound Srb5/Med18 now
interacts with the CF1 complex and facilitates its recruitment to the 3′ end of
gene. The CF1 complex then brings about termination of transcription. A
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corollary of these results is that Srb5/Med18-dependent gene looping is essential
for termination of transcription. If Srb5/Med18 is using gene looping to bring
about termination of transcription, then loss of gene looping by some other
means will cause a termination defect even in the presence of Srb5/Med18. We
therefore monitored the termination defect during transcription of INO1 and
CHA1 in the looping defective sua7-1 strain. The termination of transcription was
monitored in terms of recruitment of CF1 subunit Rna15 at the 3′ end of two
genes. In the wild type cells, Rna15 is recruited at the 3′ end of INO1 and CHA1
as expected (Figs. 4.9B and 4.9D, region D black bars). In the looping defective
sua7-1 strain, however, the recruitment of Rna15 onto these genes registered a
70-75% decline (Fig. 4.9B and 4.9D, region D grey bars). Although Srb5/Med18
was present in these cells, in the absence of gene looping it failed to facilitate
termination of transcription. A broader conclusion of these results is that gene
looping plays a vital role in termination of transcription in budding yeast.

DISCUSSION
The successful accomplishment of transcription involves the cooperative
interaction among different steps of the transcription cycle. The integration of
initiation and elongation steps and of the elongation and termination steps was
appreciated since a long time (Buratowski, 2009; Proudfoot et al., 2002;
Shandilya and Roberts, 2012). Until recently, it was not realized that the initiation
and termination steps also crosstalk during the transcription cycle (LykkeAndersen et al., 2011; Mapendano et al., 2010). A large body of genetic and
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biochemical evidence suggest that a network of intricate interactions exist
between the factors involved in the initiation and termination steps of
transcription (Collins et al., 2007; Costanzo et al., 2010). The general
transcription factor TFIIB, for example, exhibits multiple interactions with the
factors operating at the 3′ end of genes (El Kaderi et al., 2009; Ganem et al.,
2003; Medler et al., 2011; Sun and Hampsey, 1996; Wang et al., 2010). TFIIB
also contact the 3′ end of a gene, and has been shown to facilitate termination of
transcription in flies and mammalian systems (El Kaderi et al., 2009; Henriques
et al., 2012; Singh and Hampsey, 2007; Wang et al., 2010). A complex of TFIIB
with a number of 3′ end processing/termination factors has been purified from
yeast, thereby suggesting that the termination function of TFIIB is an
evolutionarily conserved feature (Medler et al., 2011). TFIIB is not an aberrant
case of an initiation factor engaged in termination. Analogous studies with
Mediator complex have revealed its role at the 3′ end of genes as well. We
recently demonstrated that Mediator subunit Srb5/Med18 plays a role in
termination of transcription in budding yeast (Mukundan and Ansari, 2011). In the
absence of Srb5/Med18, there was no recruitment of CF1 and CPF complexes at
the 3′ end of a subset for a genes leading to a transcription readthrough
phenotype. Here we show that Srb5/Med18-mediated termination is dependent
on gene looping.
Our hypothesis is that the promoter-bound Mediator makes contact with
the 3′ end of a gene through Srb5/Med18. This interaction stabilizes a looped
gene conformation. The terminator-linked Srb5/Med18 now interacts with the

74
CF1 complex and facilitates its recruitment to the 3′ end of a gene. CF1 and CPF
complexes then bring about termination of transcription. In the absence of gene
looping, Srb5/Med18 is unable to contact the 3′ end of a gene leading to its
inability to recruit CF1 complex and resulting in the defective termination. It is
evident from this study that the interaction of the promoter-associated
Srb5/Med18 with the 3′ end of genes is also crucial for gene looping of
Srb5/Med18-dependent genes. Though TFIIB is the prime promoter-bound factor
that interacts with the factors bound to the terminator end of a gene to facilitate
gene loop formation, the possibility of other promoter-bound factors like Mediator
stabilizing the promoter-terminator interaction cannot be ruled out. Thus, gene
looping is stabilized by multiple protein-protein interactions between the
promoter-bound factors with the terminator-occupying factors. TFIIB-CF1
interaction is one such interaction, which is required for looping of all
transcriptionally active genes (Medler et al., 2011). In addition, there are other
interactions, like the one involving Srb5/Med18, which may be stabilizing the
looped conformation for specific genes.
Gene looping was first demonstrated during transcription in budding yeast
(Ansari and Hampsey, 2005; O'Sullivan et al., 2004). It was proposed that gene
looping helps couple termination to reinitiation resulting in the enhanced
transcription of a gene. Accordingly, gene looping was found to be dependent on
transcription activators (El Kaderi et al., 2009). Further research, however,
revealed that the role of gene looping is not limited to transcription activation but
the phenomenon has a broader scope. Gene looping was identified as the
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molecular basis of transcription memory (Laine et al., 2009; Tan-Wong et al.,
2009). Intron-mediated enhancement of transcription was also found dependent
on gene looping (Moabbi et al., 2012). A recent study discovered a novel role of
gene looping in determining the directionality of bidirectional promoters (TanWong et al., 2012). Here we report a yet another physiologically significant role of
gene looping in the termination of transcription. Although gene looping is
defective in almost all termination factor mutants that have been investigated so
far (Ansari and Hampsey, 2005; El Kaderi et al., 2009; Medler et al., 2011), this is
the first instance where a promoter-bound factor has been implicated in
facilitating termination through gene loop formation. Like Srb5/Med18, TFIIB may
also be facilitating termination of transcription through gene looping in yeast. This
view received strong support from a recent study that demonstrated a role for
TFIIB-mediated gene looping in termination of transcription in flies (Henriques et
al., 2012). Although a role for TFIIB-dependent loop in termination is yet to be
demonstrated in yeast, the looping defective sua7-1 mutant that we used in this
study to demonstrate the role of gene looping in Srb5/Med18-dependent
termination is a TFIIB mutant. The possibility of other Mediator subunits like
Srb2/Med20 playing a similar role in termination cannot be ruled out. More
research however is needed to comprehend the molecular mechanismunderlying gene looping facilitated termination of transcription.
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CHAPTER 5

PREVALENCE OF GENE LOOPING ON THE GENOMEWIDE SCALE IN
BUDDING YEAST
ABSTRACT
Recent studies have suggested that gene looping could be an important
transcription regulatory mechanism. It has been reported in a wide range of
organisms including yeast, viruses, flies and mammals. We hypothesize that if
gene looping is an important gene regulatory mechanism, it should not be
restricted to a few genes that we have studied, but will be a general feature of
transcriptionally active genes. Thus, to determine the prevalence of gene looping
in budding yeast, we performed ChIP-Seq analysis to determine the genomewide
occupancy of the general transcription factor TFIIB. TFIIB is an important
determinant of gene looping. It has been shown to occupy the distal ends of a
gene in a looped configuration. All the genes that exhibit TFIIB occupancy of both
the promoter and terminator ends are therefore potential candidates that may
undergo looping during transcription. We provide evidence that TFIIB occupies
both the 5' and 3' end of at least 348 out of 1097 genes analyzed in this study.
These 1097 genes were chosen because their promoter and terminator regions
are not overlapping with neighboring genes making this analysis more reliable.
These findings suggest that TFIIB-dependent gene looping is not restricted to a
few transcriptionally active genes in budding yeast.
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INTRODUCTION
The successful accomplishment of RNAP II transcription cycle requires a
number of protein factors such as gene specific activators, coactivators, general
transcription factors, elongation factors and termination factors. In response to an
internal or an external signal, a gene specific transcription factor binds to a
specific sequence on the DNA to orchestrate the expression of the downstream
gene. Gene loops are formed when the promoter and terminator regions of a
gene physically interact with each other (Ansari and Hampsey, 2005). Gene
looping is facilitated by the interaction of the promoter–bound factors with the
factors occupying the terminator region of a gene (El Kaderi et al., 2009; Medler
et al., 2011). It has been reported in a wide range of organisms such as S.
cerevisiae, HIV provirus, Drosophila melanogaster and Homo sapiens. Gene
looping has been implicated in various aspects of transcription. It has been
shown to play a crucial role in activated transcription, termination of transcription,
transcriptional memory, transcription directionality to RNAP II in a PIC, and
intron-mediated regulation (El Kaderi et al., 2009; Henriques et al., 2012; Laine et
al., 2009; Tan-Wong et al., 2009; Tan-Wong et al., 2012). The evolutionarily
conserved nature and diverse roles of gene looping imply that it could be a
universal feature of transcribing genes. In this study we explore the prevalence of
gene looping in budding yeast by looking for genes that carry TFIIB on both the 5'
and 3' ends.
TFIIB is essential for gene looping (Singh and Hampsey, 2007). TFIIB
facilitates the promoter-terminator contact through its interaction with the CF1
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complex during activated transcription. TFIIB has been shown to occupy both the
promoter and the terminator regions of yeast genes that assume a looped
conformation during transcription as revealed by CCC assay (El Kaderi et al.,
2009; Singh and Hampsey, 2007). TFIIB occupancy at both ends of a gene is
therefore a strong indicator of gene looping (Singh and Hampsey, 2007; Medler
et al., 2011). A number of ChIP-chip studies have been performed to determine
TFIIB occupancy in the yeast genome (Yochum et al., 2007; Mavrich et al., 2008;
Venters and Pugh 2009; Mayer et al., 2010; Murray et al., 2011; Rhee and Pugh
2012). Some of these studies reported the enrichment of TFIIB at both the 5’
and 3’ ends of several yeast genes. These studies however were limited in scope
as they were of low resolution, and did not cover the entire genome. Therefore
we sought to perform high-resolution mapping of TFIIB on a genomewide scale
using ChIP-Seq approach to identify the genes that undergo transcriptiondependent gene looping.

MATERIALS AND METHODS

Construction of Yeast strains
Strain pairs YMH14 and BPM44 (SUA7-TAP) are isogenic strains; TFIIB
was TAP-tagged at the C-terminus by transforming with a PCR product amplified
from pBS1569 (URA marker). The primers used for tagging are listed in Table
C.2 (Appendix C).
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ChIP-Seq
Cultures were started from freshly streaked plates and grown overnight in
5 ml YP-dextrose at 30°C with shaking. The next day, cells were diluted 1/100 in
500 ml of YP-dextrose and grown to an A600 of 0.8. Cells were then crosslinked
with formaldehyde (final concentration, 1%) for 20 minutes at 30°C with gentle
shaking. Glycine was then added to a final concentration of 125 mM to stop
crosslinking. The cell pellet obtained from 500 ml culture was washed with 50 ml
of ice-cold 1xTBS followed by a wash with 50 ml ice-cold double distilled water.
The pellet was resuspended in 5 ml of lysis buffer [50 mM HEPES-KOH pH8.0,
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium deoxycholate and 1
mM PMSF]. The cell suspension was flash frozen in liquid nitrogen as described
in Ansari and Schwer (1995). The frozen cells were homogenized into a fine
powder in a chilled mortar. The powder was then transferred to an ice cold
beaker and allowed to thaw slowly. The resulting cell lysate was centrifuged at
16,400 rpm for 20 minutes in a Sorvall SS-34 rotor. The pellet (resuspended in 5
ml of lysis buffer) was then subjected to sonication for 20 mins with 30 seconds
pulse-on and 30 second pulse-off cycles to obtain fragments of an average
length of 300 bp. The sonicated chromatin was centrifuged at 16,400 rpm for 20
minutes in a Sorvall SS-34 rotor. The supernatant was then allowed to bind to
IgG-Sepharose beads in a 15 ml tube for 1 hour at room temperature on a
nutator. The beads were then washed with three different buffers (FA-lysis, FANaCl, and LiCl ChIP buffer). The elution was performed with 1%SDS at 65oC for
15 minutes. Crosslinks were reversed by incubating at 65oC overnight, and DNA
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was purified by phenol-chloroform and ethanol precipitation, followed by
purification on a Qiagen column. The concentration of DNA was measured using
Nanodrop ND-1000 Spectrophotometer. TFIIB enrichment at the promoter, gene
body and the terminator was checked by PCR for two model genes before
samples were sent for sequencing. A minimum of 10 ng/µl of immunoprecipitated
and input DNA samples is required for sequencing.

Library preparation and sequencing
Library preparation followed by sequencing of the input as well as
immunoprecipitated DNA was performed at the DNA Sequencing Core Facility of
University of Michigan, Ann Arbor. The immunoprecipitated and input DNA
samples were sheared to a median size of 300-350 bp (Fig. 5.1). The sheared

fragments from each sample were ligated with bar coded adapters. These
adapters are advantageous for multiplexing sequencing reactions. The adapters
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enable identification of reads from the specific samples after sequencing (Fig.
5.2). The adapter-ligated fragments were then immobilized on a single lane in the
flow cell for amplification. The amplified clusters were sequenced from single-end
for 50-cycles. The sequencing was performed using Illumina HiSeq 2000
sequencing system.

The number of reads generated by HiSeq for each sample is presented
below (Table 5.1). The reads are segregated based on their uniquely tagged
adapters (indexes). The percentage of index reads indicates the accuracy of
sample identification (Table 5.1). The reads were then aligned to the
Saccharomyces cerevisiae genome to identify the TFIIB enriched regions on the
genome. The candidate peaks were the ones that exceeded the minimum
enrichment relative to the input signal.
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Table 5.1: Summary of reads obtained for different samples.
Sample
Immunoprecipitate DNA
Input DNA

Number of
reads
44,361,087
28,869,946

% Perfect
Index reads
98.48
98.03

Classification of genes and peaks
The transcription start sites (TSS) and transcription termination sites (TTS)
for 5769 protein coding genes were obtained from a previous study on yeast
transcriptome (Nagalakshmi et al., 2008). The start and stop codons of proteincoding genes were obtained from SGD (http://www.yeastgenome.org/). The 5'
TFIIB peaks were defined as being present between the -200bp and +200bp
relative to the TSS of a gene. The 3' TFIIB peaks were limited to the region
between -200 and +500 relative to the TTS of a gene.
Based on the arrangement and the orientation, genes in budding yeast
can be classified into 3 categories (i) divergent genes (ii) convergent genes and
codirectional genes. Therefore the presence of a TFIIB peak on the promoter and
terminator of a gene could result in ambiguous correlation with the upstream or
the downstream gene. To overcome this issue we excluded the genes that
contain actively transcribing genes within 1000 bp in either orientation from the
TTS. This resulted in a set of 1097 out of the overall 5769 genes. The occupancy
of TFIIB was analyzed for these genes. The enriched DNA as well as the input
DNA was sequenced in 50 bp fragments. The sequences were then mapped to
the yeast genome. The number of reads that overlapped the position relative to
the TSS and TTS was counted separately for the input and immunoprecipitated
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sample. The corresponding number of reads for every position in the TSS region
of a given gene is divided by a factor to account for differences in number of total
reads in samples. Out of 1097 genes, we obtained reads for 958 genes for the 5'
region (-200 to +200 of TSS), and for 1052 genes in the 3' region (-200 to +500
of TTS). The reads obtained from the immunoprecipitated sample were then
normalized with respect to the input reads for each gene to provide the
occupancy ratio. The ratios were obtained separately for the peaks at the TSS
and TTS. We placed a threshold of ratio 1 (immunoprecipitate/input) to obtain the
significant peaks only. The number of significant peaks thus calculated for the 5'
and 3' regions are presented in table 5.2.

Table 5.2: Summary of significant peaks obtained for the 5' and 3' regions
of genes.
Genes with peaks

# of genes with
reads obtained from
ChIP-Seq

# of genes with peaks
above the threshold

5' peaks analyzed for
1097 genes

958

880

3' peaks analyzed for
1097 genes

1052

409

We found 880 genes with significant peaks on the 5' and 409 genes with
significant peaks on the 3' region. To obtain the genes that have a significant
TFIIB peak on both the promoter and terminator regions, we excluded the genes
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that had peaks either only on the promoter or only on the terminator region. This
resulted in 348 genes with TFIIB occupancy on both the promoter and terminator.
An average TFIIB occupancy signal was obtained by performing
metagene analysis that involved aligning the TFIIB signal for all the 348 genes by
their TSS (for the 5' region) and TTS (for the 3' region) then taking the average.
The average occupancy was smoothed with a 50 bp window. P-values were
determined using the Wilcoxon test.

RESULTS AND DISCUSSION

TFIIB occupies the 5' and 3' end of 348 genes
TFIIB occupancy at the 5' region of 348 genes was observed as a single
strong peak centered on the TSS (Fig. 5.3A). This is consistent with previous
observations of TFIIB as being a part of the preinitiatiation complex at the gene
promoters.
The average of the peaks found in the 3' region was calculated for the 348
genes. We found a significant enrichment of TFIIB occupancy of the terminator
region. The 3' end peak was however 2.4-fold less than the promoter associated
peak (Fig. 5.3B). One possible explanation for this could be that TFIIB may not
be contacting the terminator DNA directly. The terminator occupancy of TFIIB
could be due to its interaction with the terminator-bound factors like subunits of
CF1 and possibly CPF complexes (Medler et al, 2011).
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Analyzing the 3' end TFIIB occupancy
Several studies have shown widespread prevalence of antisense
transcription in yeast (Churchman and Weissman, 2011; Neil et al., 2009; Xu et
al., 2009). There are at least two different types of antisense transcription events
taking place on a gene; (1) antisense transcription initiating from the 5' end, and
(2) antisense transcription originating from the 3' end of the gene (Murray et al.,
2012). These antisense transcripts are non-coding and in some cases have been
shown to be transcribed at the expense of the sense transcripts (Tan-Wong et
al., 2012). The presence of promoter-like elements like polyA/T sequences at the
3’ end is sufficient for the production of 3’ end initiated antisense transcripts. It
however has been shown to require the general transcription factors including
TFIIB (Murray et al., 2012).
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Thus, the presence of TFIIB at the 3′ end of a gene can be attributed
either to gene looping or to antisense transcription or both. If there was not

reported 3′-initiated antisense transcription for a gene, then the presence of TFIIB
at its 3′ end is indicative of gene looping. However, if a gene exhibits 3′-initiated
antisense transcription, the presence of TFIIB at its 3′ end cannot be attributed to
gene looping with certainty. Therefore to further investigate the TFIIB occupancy
at the 3′ end, we divided the 348 genes into two categories, one with no
detectable 3′-initiated antisense transcription and the one with 3′-initiated
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antisense, using transcriptome analysis data of Churchman and Weissman
(2011). We found that, out of 348 genes that harbored TFIIB at their 5′ and 3′
ends, 163 had no reported 3'-initiated antisense transcription, while 171 genes
exhibited 3'-initiated antisense transcription. Therefore, the peaks associated with
these 163 genes, which did not show 3′ antisense transcription may have TFIIB
at both the ends due to gene looping (Fig. 5.4C). However, parallel transcript
assays will help confirm the absence of 3'-initiated antisense transcription for
these genes.
The genes that had 3′ antisense still showed enrichment for TFIIB at the
3' end, but this peak is due to the presence of the promoter-like element for
antisense transcription. TFIIB associated with the 3' end-initiated antisense
transcription has been found localized to a region about 100-200 base pairs
downstream of the transcription termination site (Venters and Pugh, 2009).
Recent TFIIB occupancy studies on single genes have reported two peaks for
TFIIB in the terminator region. A combined TBP occupancy analysis showed that
TBP accompanied only one of the TFIIB peaks at the terminator region (Mavrich
et al., 2008; Venters and Pugh, 2009). The TBP-associated TFIIB peak in this
case is certainly due to antisense transcription, but the other peak with no TBP
associated with it could be due to gene looping. Thus, of 171 genes that exhibit
antisense transcription and had TFIIB at distal ends, some may be still carrying
TFIIB at the terminator ends because of gene looping. The TBP-occupancy
profile of these genes may help settle the issue.
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To validate the presence of gene looping we chose two candidate genes
from the ChIP-Seq analysis to confirm gene looping. We performed CCC
analysis for CHA1 and ASC1 genes. The P1-T1 PCR signal is indicative of a
looped conformation of these genes (Fig. 5.5B and Fig. 5.5D). However, CCC
analysis for confirmation of gene looping for a large number of genes is a
laborious process. A good confirmation analysis is to perform the TFIIB ChIPSeq in a looping defective strain. However it was recently reported that this
looping mutant is also termination defective and gives rise to antisense
transcription thereby confounding the case of 3′ end TFIIB occupancy (Tan-Wong
et al., 2012).
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CHAPTER 6

SUMMARY
The expression of genes is regulated in response to an external or an
internal signal during the growth and development of an organism. My research
is focused on understanding the physiological significance and the prevalence of
a novel gene regulatory mechanism called ‘gene looping’. A gene loop is a novel
chromatin architecture formed due to the interaction of the promoter and the
terminator regions of a gene in a transcription-dependent manner. It has been
found to regulate transcription in a wide range of eukaryotes. The mechanism of
gene loop formation and its physiological significance, however, is not entirely
clear. My research is focused on scrutinizing the role of a transcription factor
called ‘Mediator’ in ending the transcription cycle, and elucidating the role of
gene looping in Mediator-dependent termination of transcription. While the role
of Mediator is well established during the initiation step of transcription, recent
research has highlighted its role in post-initiation steps such as elongation and
reinitiation. In the present investigation, we discovered yet another novel role of
Mediator in the termination of transcription. We provide three types of
experimental evidence in support of a role for Mediator in termination. First,
Mediator subunit Srb5/Med18 crosslinks to both the 5′ and 3′ ends of INO1 and
CHA1 genes during their transcriptional activation. Second, the recruitment of
termination factors Rna15 and Pta1 towards the 3′ end of genes is affected in the
absence of Srb5/Med18 in the cell. Finally, transcription run-on (TRO) analysis
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confirmed RNAP II to readthrough the terminator signal in the absence of
Srb5/Med18 in cells. Overall, these findings clearly suggest that Mediator subunit
Srb5 enhances transcription by facilitating proper termination of a subset of
genes in budding yeast.
To further analyze the mechanism of Srb5-mediated termination of
transcription, we performed immunoprecipitation of Srb5/Med18 and looked for
the associated proteins. We found that Srb5 physically interacts with the CF1
complex. These results suggest a direct involvement of Srb5/Med18 in
termination of transcription. Interestingly, we observed Srb5-CF1 interaction only
in looping competent cells. In the looping defective sua7-1 cells, the interaction of
Srb5/Med18 with CF1 complex was completely abolished. Furthermore, we
found that Srb5/Med18 crosslinking to the terminator region of INO1 and CHA1
was also looping dependent. These results gave rise to the speculation that it is
not Srb5 per se, but it is a Srb5-dependent looped gene architecture that
facilitates termination of transcription. We therefore checked Srb5-dependent
termination of transcription in the looping defective sua7-1 strain. The termination
of transcription was measured in terms of CF1 recruitment at the 3′ end of a
gene. Our results indicate that the recruitment of CF1 subunit Rna15 to the
terminator region of INO1 and CHA1 was severely compromised in the sua7-1
strain. Taken together these results strongly suggest that Srb5-mediated
termination of transcription is through gene looping. Thus, we have identified a
novel role of gene looping in the termination of transcription.
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The second objective of my dissertation is focused on finding the
prevalence of gene looping in budding yeast. To elucidate this aim, we performed
ChIP for the general transcription factor TFIIB, which occupies the distal ends of
a gene in looped conformation (El Kaderi et al., 2012; Medler et al., 2011; Singh
and Hampsey, 2007; Wang et al., 2010). Genes that carry TFIIB at both their
ends are the strong candidates for genes that assume a looped conformation
during transcription. Thus, in order to determine the generality of gene looping in
yeast, we used TFIIB ChIP-Seq to identify all the genes that carry TFIIB at both
their 5′ and 3′ ends. We excluded all transcriptionally active protein-coding genes
that contain another gene within 1000 bp of their termination site to avoid
overlapping peaks. This narrowed the gene set to 1097 genes. We analyzed the
average occupancy of TFIIB on this set of genes. We found significant TFIIB
occupancy at both the 5′ and 3′ end of 385 genes. This result suggests that gene
looping could be an important transcription regulatory mechanism in budding
yeast.
FUTURE DIRECTIONS
This section outlines some of the unanswered questions in the research
focused in this dissertation. (i) The mutants for RNAP II subunits Rpb3 and
Rpb11 did not have an effect on the transcription of either INO1 or MET16. It is
possible that these subunits affect the transcription of a different subset of genes.
This can be tested by performing transcription analysis on a genomewide basis
in these mutants by the GRO (Genomic run-on)-Seq approach. The termination
defective genes can then be checked for their linear or looped conformation by
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CCC approach. (ii) In chapter 3, we demonstrated a novel role for Mediator
subunit Srb5/Med18 in the termination of transcription. Srb5/Med18 forms a
heterodimer with Srb2/Med20. Hence it is likely that heterodimer partner
Srb2/Med20 has similar effects on transcription. TRO analysis in Srb2/Med20
deletion mutant will identify if Srb2/Med20 plays a similar role in the termination
of transcription. (iii) In chapter 4, we showed Mediator subunit Srb5/Med18
physically interacts with the termination complex subunit Rna15. To determine
the nature of this interaction, application of photo-crosslinking experiments will
identify the subunit of CF1 complex directly contacting Srb5/Med18. The role of
other subunits of Mediator complex in termination of transcription, and the
interacting partners of these subunits at the 3′ end of the gene will be worth
investigating. Finally, the role of gene looping in facilitating the termination of
transcription on a genomewide scale should be the major thrust of any future
study.
In Chapter 5, we have established an improved protocol to identify the
genes that are in a looped configuration during transcription. This study is based
on the high-resolution genomewide occupancy of TFIIB on the gene promoters
and terminators. The following are some of the future explorations that can be
pursued. (i) The looped configuration of these candidate genes needs to be
confirmed by Hi-Seq-CCC approach. (ii) It has been shown that gene looping
accompanies activated transcription (El Kaderi et al., 2009). In our ChIP-Seq
study we were able to identify the genes that assumed a looped configuration. To
correlate the expression pattern of the looped genes, the TFIIB ChIP-Seq data
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can be compared with the gene expression data. Thus, there is an urgent need
to determine the global expression pattern of genes under the same conditions
that were used during TFIIB-ChIP-Seq analysis.

94
APPENDIX A
EXPERIMENTAL PROCEDURES

A.1. Cell Culture
Cultures were started from freshly streaked plates and grown overnight in 5 ml
YP-dextrose at 30°C with shaking. The next day, cells were diluted 1/100 into
100 ml of fresh YP-dextrose. For RT-PCR, CCC and ChIP analysis of INO1, cells
were grown to an A600 of 0.4, prior to induction. Cells were then transferred to
100 ml inositol-plus and inositol-depleted synthetic media and grown to an A600 of
0.7 (180 minutes) at 30°C with shaking. For RT-PCR, CCC and ChIP analysis of
CHA1, cells were grown to an A600 of 0.4, prior to induction. Cells were
transferred to 100 ml of ammonium sulfate and 100 ml of serine/threonine
containing synthetic media and grown to an A600 of 0.7 (120 minutes) at 30°C
with shaking. The cells were then processed for RT-PCR, CCC and ChIP.

A.2. Isolation of total RNA from budding yeast
The total yeast RNA was isolated by the modification of method described in
(McNeil and Smith, 1985). Cells were grown in the appropriate condition as
described above. The cells were collected by centrifugation washed with 1 ml of
high-TE (2x-TE) Buffer and resuspended in 500 µl of freshly made RNA lysis
buffer. About 500 µl of acid-washed glass beads were added and the cells lysed
by vigorous shaking for 40 min at 4oC. Then the tubes were spun at 14,000 rpm
for 10 min at 4oC. The 300 µl supernatant was transferred to the new microfuge
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tube. To the supernatant, SDS, proteinase K and vanadyl ribonucleoside
complex were added to a final concentration of 0.5%, 1 mg/ml and 10 mM
respectively. The mixture was incubated at 37oC for 1 hour on a nutator and
RNA was ethanol precipitated. The RNA pellet was resuspended in 400 µl of 10
mM EDTA and 400 µl of 10 M LiCl was added and the reaction mixture was
incubated overnight at 4oC. The RNA precipitate was collected by centrifugation,
resuspended in 180 µl of RDD buffer (Qiagen) and contaminating DNA was
digested with 50 units of RNase-free DNase at room temperature for 1 hour.
This was followed by addition of 10% SDS and proteinase K to a final
concentration of 0.5% and 0.47mg/ml respectively and incubating at 37oC for 30
min. The samples were extracted two times with RNA phenol-chloroform and
then ethanol precipitated. The pellet was suspended in 75 µl of water, and RNA
concentration was estimated by absorbance at 260 nm.

A.3. RT-PCR
RT-PCR was carried out in two steps. In the first step, yeast total RNA was
isolated by the protocol described above, and reverse transcribed into cDNA
using oligo-dT primer. For control, 18s ribosomal RNA was reverse transcribed in
to cDNA using 18s rRNA primer. In the second step, cDNA was amplified by
PCR using gene specific primers.
cDNA synthesis: Total yeast RNA (2 µg) was incubated at 65oC for 5 min with
25 pmoles of oligo-dT and 10 nmoles of dNTP in a reaction volume of 16 µl for
unfolding of RNA. The reaction mixture was then transferred to ice for 1 min to
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allow hybridization of oligo-dT to poly (A) mRNA. RNase inhibitor (40 units), MMuLV buffer (2 µl) and M-MuLV reverse transcriptase (200 units) were added
and incubation carried out at 37oC for 45 min to allow cDNA synthesis. Following
cDNA synthesis, M- MuLV reverse transcriptase was inactivated (65oC for 20
min) and template. In the same way the 18s ribosomal RNA was reverse
transcribed by 18s rRNA primer and used for control PCR.
PCR: Poly (A) mRNA derived cDNA and 18s ribosomal cDNA were amplified by
PCR (30 cycles) using gene specific primers. Different dilutions of cDNA were
used to determine the linearity of PCR reaction.

A.4. Transcription Run-On (TRO) Assay
Transcription run-on (TRO) assay was performed by the modification of protocols
described in (Birse et al., 1998) and (Hirayoshi and Lis, 1999). Wild type and
srb5- cells were grown in 100 ml of ammonium sulfate-plus synthetic media till
A600 reached 0.3, and then induced in serine/threonine-plus synthetic media till
A600 reached 0.7. Cell pellet obtained from 100 ml of liquid culture was washed
with 10 ml cold TMN buffer (10 mM Tris-HCl pH 7.5, 5 mM MgCl2, 100 mM NaCl)
and resuspended in 940 µl of DEPC (diethylpyrocarbonate)-treated cold water.
To the cell suspension, 60 µl of 10% sarkosyl was added and incubation
performed on ice for 25 min to permeabilize cells. Permeabilized cells were
recovered by a low-speed centrifugation and directly used in the run on
transcription assay. Elongation of transcripts initiated in vivo was resumed by
resuspending cells in 120 µl of 2.5X reaction buffer (50 mM Tris-HCl pH 7.5, 500
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mM KCl, 80 mM MgCl2, 5 mM DTT), 45 µl of NTPs/RNase inhibitor mix (10 mM
each of CTP, ATP, and GTP and 300 units of RNase Inhibitor), and 10 µl of [α32

P]-UTP (3000 Ci/mmol, 10 µCi/µl). Reaction mix was incubated at 30°C for 2

min to allow transcript elongation. The reaction was stopped, by adding 1 ml of
TMN buffer to the mix and cells were recovered by a low speed centrifugation.
Labeled RNA was extracted using LETS (lithium, EDTA, Tris-HCl, SDS)saturated phenol/chloroform and precipitated with 10 M LiCl. Hybridization of
labeled RNA to prehybridized membrane was carried out as described in (Birse
et al., 1998). All TRO signals were quantified using GEL LOGIC 200 (KODAK)
system and normalized with respect to 18s rRNA controls.

A.5. ChIP
Cells were grown in appropriate medium as described in A.1 and cross-linked
with 1% formaldehyde for 20-30 minutes at room temperature. The reaction was
stopped by the addition of glycine to a final concentration 125 mM, and cultures
were incubated for an additional 5 min at room temperature. The cell pellet
obtained from the 50 ml culture was washed once with 10 ml of ice cold 1x TBS
buffer containing 1% triton X-100 and once with 1x TBS buffer only and
resuspended in 400 µl of cold FA-lysis buffer (50mM HEPES-KOH pH 7.9,
140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% Sodium deoxycholate, 1mM
PMSF). Approximately 400 µl of acid-washed glass beads were added and cells
lysed by vigorous shaking at 4oC for 40 minutes. Cell lysates were collected by,
puncturing the bottom of the microfuge tube with a 22-gauge needle and placing
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them on top of 15 ml tube. The cell lysate was collected in a 15 ml tube by
spinning at 1200 rpm two min at 4oC. The filtrate was transferred into a prechilled 1.5 ml microfuge tube and spun at 4oC for 15 minutes. The crude
chromatin pellet was washed with 500 µl of FA-lysis buffer and resuspended in
900 µl of FA-lysis buffer. The chromatin preparation obtained above was
sonicated by 36 pulses of 10 seconds each with 15 sec cooling after each pulse.
Sonication was performed at the 25% duty cycle in a Branson digital sonifier.
Following sonication, samples were centrifuged at 14,000 rpm for 15 minutes in a
refrigerated microfuge. The pellet was discarded and the supernatant was used
in subsequent steps. The supernatant can be frozen in liquid nitrogen and stored
at minus 80oC at this step. The amount of sonicated chromatin to be used for
immunoprecipitation depends on the quality of antibody and the amount of
protein (antigen) present in the chromatin preparation. Approximately 5-10 µg of
appropriate antibody (amount of antibody added need to be optimized for each
antibody preparation) was added to the chromatin preparation and allowed to
bind for 4 h at 4oC with gentle shaking. The antigen-antibody complex was
adsorbed on 20 µl of Protein A-Sepharose beads (beads should be pre-washed
with FA-lysis buffer) for 1 hour with gentle shaking at room temperature. For the
TAP-tagged proteins, 400 µl of processed chromatin was directly added to the 20
µl of IgG-Sepharose beads and incubated for 1 hour at room temperature with
gentle shaking. The beads were washed successively with 1 ml each of FA-lysis
buffer, FA-lysis buffer containing 500 mM NaCl, ChIP wash buffer and TE buffer.
All the washing steps should be performed twice, except for TE wash. The beads
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were resuspended in ChIP elution buffer; incubated at 65oC for 10 min; spun at
4000 rpm for two min; and the supernatant was collected and incubated with 10
µg of DNase-free RNase for 15 min at 37oC. 0.4 µg proteinase K and 0.1% SDS
were added and the crosslinks were reversed by overnight incubation at 65oC.
Samples were extracted with phenol-chloroform at least two times followed by
ethanol precipitation of DNA using glycogen as carrier.

DNA pellet was

resuspended in 50 µl TE buffer and used as template for further PCR reaction.
Primers for PCR (Appendix C) were designed in such a way that PCR product is
200-250 base pairs in length.

PCR was performed using 2 µl of

immunoprecipitated DNA as template. PCR products were run on 1.5% agarose
gel and visualized by ethidium bromide staining. A negative control without
antibody was always performed.

A.6. Phenol-chloroform Extraction
Phenol-chloroform extraction of DNA was performed as described in Sambrook
et al. (2001). The volume of DNA solution was brought to 100 µl using 1X TE
buffer, if the volume of the DNA solution is less than 100 µl. An equal volume of
phenol-chloroform mixture (pH 8.0) was added to the DNA solution, vortexed
vigorously and centrifuged at 14000 rpm for 10 minutes in a table-top centrifuge.
The upper aqueous phase containing DNA was transferred to a new tube while
lower organic phase was discarded.
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A.7. Ethanol Precipitation
The volume of DNA solution was brought to 100 µl using 1X TE buffer. To the
DNA solution, NaOAc (pH 5.2) was added to a final concentration of 0.3 M
followed by 2-2.5 volumes of absolute ethanol. If the concentration of DNA in the
solution was too low, 1 µl of (20 mg/ml) glycogen was added as a carrier. After
thorough mixing, sample was centrifuged at 14000 rpm for 10 minutes in a tabletop centrifuge. The supernatant was discarded and the pellet containing DNA
was air-dried. The dried pellet was resuspended in the appropriate volume of
ddH20 or 1X TE buffer.

A.8. Coimmunoprecipitation
For affinity purification of Myc-tagged Srb5, HA-tagged Rna15, HA-tagged
Ssu72, and Myc-tagged Srb4, cells were grown in 1 liter of YP-dextrose to an
A600 of 1.5. The cell pellet obtained from the 1-liter culture was washed with 50 ml
of ice cold 1xTBS followed by a wash with 50 ml ice cold double distilled water.
The pellet was resuspended in 10 ml of lysis buffer [20 mM Tris-HCl pH8.0, 150
mM KCl, 0.5 mM EDTA, 1 mM MgCl2, 0.1% Triton X-100, 1 mM PMSF, and 10%
glycerol (v/v)]. The cell suspension was flash frozen in liquid nitrogen as
described in Ansari and Schwer (Ansari and Schwer, 1995). The frozen cells
were homogenized into a fine powder in a chilled mortar. The powder was then
transferred to an ice cold beaker and allowed to thaw slowly. The resulting cell
lysate was then centrifuged at 16,400 rpm for 20 minutes in a Sorvall SS-34
rotor. The supernatant (about 10 ml) was allowed to bind to 20 µl bed volume of
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either anti-HA agarose or anti-Myc agarose beads (Sigma) in a 15 ml tube for 4
hours at 4°C with gentle shaking. The beads were washed three times with 1 ml
each of ice cold lysis buffer. Elution was performed with 100 mg of either HAoligopeptides or Myc-oligopeptides resuspended in 200 µl of lysis buffer at 25°C.
The resulting eluate was then used for SDS-PAGE followed by Western blotting.

Western Blot Analysis- Anti-HA antibodies were purchased from Neomarkers.
Anti-Myc antibodies were purchased from Upstate. Western blotting protocol was
performed as previously described (El Kaderi et al., 2009).
A.9. Capture Chromosome Conformation Assay (CCC)
Cells were grown in appropriate medium as described in A.1. Crosslinking, cell
lysis and isolation of chromatin were done as described for ChIP in A.5.
Crosslinked, crude chromatin was digested with a restriction endonucleases that
cut at least once in the coding region and at sites flanking the promoter and
terminator regions of a gene as shown in Figures 2.2 and 5.5. Typically, 80 µl of
chromatin was digested with 10 µl of restriction enzyme in a 100 µl reaction
volume for 4 h at 37oC with gentle shaking. The digested chromatin was
collected by spinning and the pellet resuspended in 90 µl of 10 mM Tris-HCl at
pH 7.5. To inactivate the restriction enzyme, 10 µl of 10% SDS was added
followed by incubation at 65oC for 20 min. Only 60 µl of digested chromatin was
used in the next ligation step. The ligation reaction consisted of 75 µl of 10%
Triton X-100, 5 µl of Quick Ligase (New England Biolabs), and 375 µl of Quick
ligase Buffer in a final volume of 750 µl. Ligation reactions were performed for 90
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min at room temperature with gentle shaking. To ensure complete removal of
RNA, 10 µg of DNase-free RNase was added to the reaction mixture and the
incubation was carried out for 30 min at 37oC. The crosslinks were reversed
overnight at 65oC in the presence of 100 µg of proteinase K and 1% SDS. The
samples were extracted three times with phenol-chloroform and ethanol
precipitated using glycogen as a carrier. DNA concentration was determined
spectrophotometrically, and 750 ng of DNA was used as the template in each
PCR reaction. The linearity of PCR reaction was routinely determined using
different amounts of template (El Kaderi et al., 2009).
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APPENDIX B
TABLE B.1: Yeast strains used in Chapter 2
Strain
FY 23
BPM7
SP10
WZ9

Genotype
MATa ura3-52 trp1Δ63 leu2Δ1
MATa ura3-52 trp1Δ63 leu2Δ1 SUA7-TAP URA+
Δrpb4::KANMX
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0
SUA7-TAP, URA+
MATa cup1Δ ura3 his3 trp1 lys2 ade2 leu2 rpb11E108G

WZ10

MATa cup1Δ ura3 his3 trp1 lys2 ade2 leu2 rpb3-K9E

H27

MATa ura3-52 his3,4 +/o 7 trp1 leu2-3 112, rpb1-1

Reference
(Madison and
Winston, 1997)
This study
This study
(Kuehner and
Brow, 2008)
(Kuehner and
Brow, 2008)
This study

TABLE B.2: Yeast strains used in Chapter 3
Strain

Genotype

Reference

FY 23

MATa ura3-52 trp1Δ63 leu2Δ1

(Madison and
Winston, 1997)

BPM 2

MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::KANMX

This study

BPM4
SP10
BPM12
SAM51
BPM33

MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0
SRB5-TAP, URA+
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0
SUA7-TAP, URA+
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0
SUA7-TAP, URA+ Δsrb5::TRP)
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0,
RNA15-13xMyc, TRP+
MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::KANMX RNA15MYC, TRP+

This study
This study
This study
This study
This study

BPM9

MATa ura3-52 trp1Δ63 leu2Δ1 PTA1-HA, TRP+

This study

BPM36

MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::kmx PTA1-HA,
TRP+

This study

BPM34

MATa ura3-52 trp1Δ63 leu2Δ1 SRB4- MYC, TRP+

This study

BPM35

MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::kmx SRB4MYC, TRP+

This study
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ABP1

MATa ura3-52 trp1Δ63 leu2Δ1 MED15-TAP, TRP+

This study

BPM37

MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::kmx MED15TAP, TRP+

This study

TABLE B.3: Yeast strains used in Chapter 4
Strain

Genotype

Reference

FY 23

MATa ura3-52 trp1Δ63 leu2Δ1

(Madison and
Winston, 1997)

BPM 2

MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::KANMX

This study

BPM13
BPM18
BPM38
SLW2
SLW3
BPM41
BPM42
SAM51
BPM33

MATa his3 leu2 met15 trp1 ura3 SRB5-MYC
KANMX+
MATα cyc1-5000 cyc7-67 ura3-52 leu2-3, 112 cyh2
sua7-1 SRB5-MYC KANMX+
MATa his3 leu2 met15 trp1 ura3 SRB5-MYC
KANMX+ RNA15-HA HIS+
MATα cyc1-5000 cyc7-67 ura3-52 leu2-3, 112 cyh2
trpD sua7-1 SRB5-MYC KANMX+ RNA15-HA HIS+
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0
SRB4-MYC RNA15-HA HIS+
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0
SRB4-MYC TRP+ RNA15-HA HIS+ Δsrb5::KANMX
MATa his3 leu2 met15 trp1 ura3 SRB5-MYC
KANMX+ SSU72-HA HIS+
MATa his3Δ200 trp1Δ63 leu2Δ0 met15Δ0 ura3Δ0,
RNA15-13xMyc, TRP+
MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::KANMX
RNA15-MYC, TRP+

This study
This study
This study
This study
This study
This study
This study
This study
This study

BPM9

MATa ura3-52 trp1Δ63 leu2Δ1 PTA1-HA, TRP+

This study

BPM36

MATa ura3-52 trp1Δ63 leu2Δ1 Δsrb5::kmx PTA1-HA,
This study
TRP+

TABLE B.4: Yeast strains used in Chapter 5
Strain
YMH14
SLW2

Genotype
MATα cyc1-5000 cyc7-67 ura3-52 leu2-3,112 cyh2
trpΔ
MATα cyc1-5000 cyc7-67 ura3-52 leu2-3,112 cyh2
trpΔ SUA7 TAP URA+

Reference
This study
This study
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APPENDIX C
TABLE C.1: Primers used in this study
INO1 A

GAAATATGCGGAGGCCAAG
AACCCGACAAACAGAACAAGC

INO1 B

TTGCACCATCCCATTTAACTG
TGGATCTGATATCACCTATAACTTCG

INO1 C

AGTGGCCTATGCGTCGAGAG
ATTGATGCAGTTATTGGCTCTC

INO1 D

GATATCCAGAATTTCAAAGAAGAAAAC
TATTCTGCGGTGAACCATTAATATAG

INO1 E

TAAGATTGTTGATTGGATTGCC
GCACTTTCTCGCATCTACCTCA

CHA1 F1

GCCCAGGTTATCGTGAGTG

CHA1 R1

CACCTCCACCAACGCTGC

CHA1 A

GATAGCCTCTTGCGACCTTATT
CTTAACAGGAGCCGCCCAT

CHA1 B

GCCCAGGTTATCGTGAGTG
CACCTCCACCAACGCTGC

CHA1 C

GTTGGTGGAGGTGGTTTATACA
TCTGGTGTTGTATTTGCGAGC

CHA1 D

GGAAGAAGCGTTGGATAGCAT
CGTTTTGGATATGTTGATGCTTAC

CHA1 E

GCACAGAATTTGTATAAAGGGG
GCTTTTCTTCACTTAGTAAGGATTAA
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ASC1 F1

CTTACGCTTTGTCTGCTTCTTG

ASC1 R1

GATGGTCTTGTCACGGGAAC

ASC1 A

AAATTTCATCCACGCAACTT
GGTTGACCAGCAGAAGTAGCC

ASC1 B

CGAAAAAGCTGATGATGA
GAACTCAAAGTTCCATCTGAAGTAG

ASC1 C

ATGACAATCGAGTAGAAGAAGAAAAG
TTGATGTTGGAGTTGTGACCG

ASC1 D

ATGCTGTTTCTTTGGCTTGG
GAACTTTATACATATTCTTAGTTAG

ASC1 E

TAATATAATCGTCATAGATTTCGAAG
TGTACATATGTATTTTCGCAGCA

ASC1 F

CTTTATTTCCTTTATTGTGGTATTAG
CTATGGAATGGGGGTTTTAAG

18s cDNA primer

GACGGAGTTTCACAAGATTACC

18s rRNA F1

GGAATAATAGAATAGGACGTTTGG

18s rRNA R1

GTTAAGGTCTCGTTCGTTATCG

INO1-CCC-P1

GAACCCGACAACAGAACAAGC

INO1-CCC-T1

GTTGAGGTAGATGCGAGAAAGTG

INO1-CCC-F2

GATATCCAGAATTTCAAAGAAGAAAAC

INO1-CCC-R1

TATTCTGCGGTGAACCATTAATATAG

CHA1-CCC-P1

GATTACCGATTCCTCTACTTTTGA

CHA1-CCC-T1

GTAAGCATCAACATATCCAAAACG

CHA1-CCC-F2

AATTCAAAAGGACGGTAAAAGAT
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CHA1-CCC-R1

AAGGGATGAACATAAATGGGC

MET16-CCC- P1

TTTGCTGGCCTTAGTTTTGATC

MET16-CCC-T1

GGAAGATGGAAGGGCAAGG

MET16-CCC- F2

CGAACTCTCTTGTGTAAATATCTGG

MET16-CCC- R1

CGATGTGCAGGTTCCACTTTG

TABLE C.2: Primers used for C-terminal tagging of proteins
5` F2-RNA15-HA-tag

CTATTTGGGACTTAAAACAAAAAGCATTAAGGGGAGA
ATTTGGTGCATTTCGGATCCCCGGGTTAATTAA

3`R1-RNA15-HA-tag

ATCATTGCGGAACCGCATTTTTTTTTTGTATTTTTGCCT
CCCTAGTTTCAGAATTCGAGCTCGTTTAAAC

5’SRB5-Myc-F2

GGTAGAAAATTGAATTTTCCAGCCAAGGTATTCCATAT
TAAGAAGAAAAGCGGATCCCCGGGTTAATTAA

3’SRB5-Myc-R1

TGTATAACTATATGAGTGAATTTTGTAAAAATATGCCC
AGGTGCCAATGAGAATTCGAGCTCGTTTAAAC

5’ SRB4-Myc/HA-F2

AGGACTTCCTACATTTTATTGTCGCTGAGTACATCCAG
CAAAAGAAGGTGCGGATCCCCGGGTTAATTAA

3’ SRB4-Myc/HA-R1

AAATGGCATTCTATGGCAATGTATGTAGGTTTAAGGAG
TGACTCAGGATAGAATTCGAGCTCGTTTAAAC

5’GAL11-TAP-C

GTTCAGAACAATTCAATGTATGGGATTGGAATAATTGG
ACAAGTGCTACTTCCATGGAAAAGAGAAG

3’GAL11-TAP-C

ACCAAACGAAGTAACTTCAAAAGTATCAAAAGTATGGA
AACTTCAAATGTTACGACTCACTATAGGG

5` F2-PTA1-HA-tag

AAGATGAAGGCTTACACAAGCAGTGCGATTCACTGCT
TGACAGGCTAAAA CGGATCCCCGGGTTAATTAA

3` R1-PTA1-HA-tag

TGAAGGAAGACCCTACACATGCGTATATATGATGTAT
GTAATGGTTGTGAGAATTCGAGCTCGTTTAAAC

5’ SSU72-Myc/HA-F2

GGCAAAGCTCACATTCTCAACTACCGTCATTATACGCT
CCTTCATATTACCGGATCCCCGGGTTAATTAA
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3’ SSU72-Myc/HA-R1

ATGAGGGCCGCTTAATGCTTATGCTTTTCTACAGTAAT
TGACCGTTTTGTGAATTCGAGCTCGTTTAAAC

5’ TFIIB-C-TAP

TTGCTAATGGTGTAGTGTCTTTGGATAACTTACCGGG
CGTTGAAAAGAAATCCATGGAAAAGAGAAG

3’ TFIIB-C-TAP

CACGAGTACCCGTGCTTCTTGTTCCTATAATTTACTGT
TTTATCACTTCATTATACGACTCACTATAGGG

5’ SUA-C-Tag

CCGATGCAAGTCACTACTTCTG

3’TAP-TRP

CCGCTCTAGAACTAGTGGATCC

5’Rna15-HA-D

TCCAGGCCGCAAGAAGAG

3`HA-KMX-D-general

GGTAGAGGTGTGGTCAATAAGAGC

3’Myc-tag-Diag

CAAGTCTTCCTCGGAGATTAGC

5’SRB5-D

GCAGGCAATTCACAAATAACAA

5’SRB4 -Tag-Diag

CATAGACGGGGAAGAAAAGTGA

5’Pta1-TagDiag3

GACTTATGAGCGAACTGCCC

5’ SSU72 –Tag diag

ATGATGATGAAAATGCTAAAATTG
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APPENDIX D
Media
Table D.1: YPD solid medium
Solute
Yeast extract
Bacto-peptone
Glucose
Agar

Final
concentration
1.0 %
2.0 %
2.0 %
2.0 %

Table D.2: YPD liquid medium
Solute
Yeast extract
Bacto-peptone
Glucose

Final
concentration
1.0 %
2.0 %
2.0 %

Table D.3: Tryptophan-dropout Mix
Solute
Adenine
L-arginine
L- asparatic acid
L- glutamic acid
L-histidine
L-leucine
L-lysine
L-methionine
L-phenylalanine
L-tyrosine
L-valine
Uracil

Grams
2.5
1.2
6.0
6.0
1.2
3.6
1.8
1.2
3.0
1.8
9.0
1.2

Table D.4: Uracil-dropout Mix
Solute
Adenine
L-arginine
L- asparatic acid
L- glutamic acid
L-histidine

Grams
2.5
1.2
6.0
6.0
1.2
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L-leucine
L-lysine
L-methionine
L-phenylalanine
L-tryptophan
L-tyrosine
L-valine

3.6
1.8
1.2
3.0
2.4
1.8
9.0

Table D.5: Methionine-dropout Mix
Solute
Adenine
L-arginine
L- asparatic acid
L- glutamic acid
L-histidine
L-leucine
L-lysine
L-phenylalanine
L-tryptophan
L-tyrosine
L-valine
Uracil

Grams
2.5
1.2
6.0
6.0
1.2
3.6
1.8
3.0
2.4
1.8
9.0
1.2

Table D.6: Inositol-dropout Medium
I.

Preparation of Inositol-minus Medium (For 1 Liter)

Reagent
Ammonium Sulfate
Vitamin Stock
Trace Elements Stock
Salt Mix
Aminoacid Mix
ddH2O

Quantity Added
5g
1 ml
1 ml
1.7 g
230 mg
900 ml

Notes:
• Autoclave
• Add 100 ml 20% dextrose
II.

Vitamin Stock (1000X; 100 ml)

Reagent
Biotin
Calcium pantothenate

Quantity Added
2 mg
200 mg
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Folic acid
Niacin
β-Aminobenzoic acid
Pyridoxine hydrochloride
Riboflavin
Thiamin hydrochloride

0.2 mg
40 mg
20 mg
40 mg
20 mg
40 mg

Notes:
• Autoclave
• Store in a dark bottle at 4oC
III.

Trace Elements Stock (1000X; 100 ml)

Reagent
Boric acid
Copper sulfate
Potassium iodide
Ferric chloride
Manganese sulfate
Sodium molybdate
Zinc sulfate
Notes:
• Autoclave
• Store in a dark bottle at 4oC
IV.

Salt Mix

Reagent
Potassium phosphate monobasic
Potassium phosphate dibasic
Magnesium sulfate
Sodium chloride
Calcium chloride
V.

Quantity Added
50 mg
4 mg
10 mg
20 mg
40 mg
20 mg
40 mg

Quantity Added
85 g
15 g
50 g
10 g
10 g

Aminoacid Mix

Reagent
Adenine hemisulfate
Histidine
Leucine
Lysine
Methionine
Tryptophan
Uracil

Quantity Added
40 mg
20 mg
60 mg
30 mg
20 mg
40 mg
20 g
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VI.

Inositol Stock

Make 50mg/ml inositol stock solution and add 2 ml to the plus inositol media
only.
Buffers and Solutions
Table D.7: Stock Solutions
Reagent
pH
1.0 M
pH
Tris-HCl
8.0
(Enzyme Grade)

0.5 M
EDTA

pH
7.0
to
8.0

5M
NaCl

N/A

2M
KCl

N/A

10 %
SDS
1M
CaCl2

N/A
N/A

Mw
Volume Grams add
121.14 250 ml
121.14 g/mol x
g/mol
mol/L
= 121.14 g/L
For 250 ml
(121.14) / 4
=
30.29 g
372.44 500 ml
372.44 g/mol
g/mol
0.5 mol/L
= 186.22 g/L
For 500 ml
(186.22) / 2
=
93.11 g
58.44 500 ml
58.44 g/mol x
g/mol
mol/L
= 292.2 g/L
For 500 ml
(292.2) / 2
=
146.1 g
74.55 500 ml
74.55 g/mol x
g/mol
mol/L
= 149.1 g/L
For 500 ml
(149.1) / 2
=
74.55 g
N/A
250 ml
(250 x 10)/100
= 25 g/250ml
147.02 100 ml
147.02 g/mol x
g/mol
mol/L
= 147.02 g/L
For 100 ml
(147.02) / 10

Notes
1 To adjust pH 8.0,
use dilute HCl
found in the hood
=

x To adjust pH 7.0
to 8.0, use 10 N
NaOH. Note that
= it will not go into
solution
unless
pH = 8.0
5 Heat up in the
microwave for the
salt to go into
= solution.

2 Autoclave
=

Don’t autoclave
Keep at RT
1 Autoclave
Keep at RT
=
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=
1M
MgCl2

N/A

203.30 100 ml
g/mol

50% PEG
N/A
(Mw 4000)
(for
transformation)

4000
g/mol

100 ml

PEG solution
N/A
(for
transformation)

N/A

10 ml

1M
N/A
LiOAc
(for
transformation)

102.2
g/mol

200 ml

LiOAc Buffer
N/A
(for
transformation)

N/A

50 ml

14.7 g
203.30 g/mol x 1
mol/L
= 203.30 g/L
For 100 ml =
(203.30) / 10
=
20.33 g
Weigh
50
g
(found on the
shelf @ RT) and
make up the
volume to 100
ml; dissolve on
the stirrer and
measure
the
volume to 100 ml
50% PEG(4000)
8.88 ml

Autoclave

Don’t add too
much water when
preparing (~ 50
ml); if it doesn’t
dissolve,
then
heat
in
the
microwave

Sterilize
by
filtration; store @
RT
0.1 M LiOAc Check for the pH
(Stock: 1M) 1 ml after one month,
if it is above pH 7
10 mM Tris-HCl then it is fine, if
(pH8) 100 µl
less (acidic) then
prepare fresh)
(Stock 1M)
1 mM EDTA
20 µl
(Stock 0.5 M)
102.2 g/mol x 1 Weigh 20.44 g
mol/L
(found on the
= 102.2 g/L
shelf @ RT) and
For 200 ml = make up the
(102.2) / 5
volume to 200 ml.
=
Sterilize
by
20.44 g
filtration; store @
RT
0.1 M LiOAc Make fresh after
5 ml
one month;
(Stock 1 M)
10 mM Tris-HCl
(pH8) 500 µl
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(Stock 1 M)
1 mM EDTA
100 µl (Stock 0.5
M)

1.25 M
Glycine

N/A

75.07
g/mol

500 ml

ddH2O
44.4 ml
75.07 g/mol
1.25 mol/L
= 93.84 g/L
For 500 ml
(93.84) / 2
=
46.92 g
82.03 g/mol x
mol/L
= 246.10 g/L
For 100 ml
(246.10) / 10
=
24.61 g
(100 x 50)/100
= 50 ml

x N/A
=

3M
NaOAc

pH
5.2

82.03
g/mol

100 ml

50 %
Glycerol

N/A

N/A

100 ml

YPD

N/A

N/A

500 ml yeast
extract
x2
10 g
Peptone
20 g
ddH2O
up
to 900 ml

G418 plates
(KMX-plates)

N/A

N/A

3 To adjust pH 5.2,
use acetic acid in
the acid cabinet.
=

Autoclave and
then
add
dextrose
Dextrose
100 g
500 ml yeast
extract
x2
10 g
Peptone
20 g
Agar
20 g
NaOH
1 pellet
or 1 ml of

Add
50
ml
glycerol, and 50
ml ddH20
Divide
the
volume
before
autoclaving
to
450
ml,
autoclave
w/o
dextrose,
then
add
the
autoclaved
dextrose
after
(dextrose 50 ml
to each bottle)
Divide
the
volume
before
autoclaving
to
450
ml,
autoclave
w/o
dextrose,
then
add
the
autoclaved
dextrose
after
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NaOH solution

(dextrose 50 ml
to each bottle).
up Finally, add the
G418 (KMX; 1
and ml/L); mix well
add and pour into
plates.

ddH2O
to 900 ml
Autoclave
then
dextrose
Dextrose
100 ml
Tris
base Tris-base
242 g
electrophoresis
Glacial acitic acid
57.1 ml
0.5 M EDTA(pH
8) 100 ml

50 X TAE

N/A

N/A

1L

10 %
Tergitol

N/A

N/A

10 ml

10 %
Triton X-100

N/A

N/A

10 ml

5M
LiCl

N/A

42.39 50 ml
g/mole

42.39 g/mol x 5 •
mol/L
= 211.95 g/L
For 50 ml = •
(211.96) / 20
=
•
10.60 g

1M
HEPES

pH
7.9

238.3 250 ml
g/mole

238.30 g/mol x 1 •
mol/L
= 238.30 g/L
For 250 ml =
(238.30) / 4
=
59.58 g
•

10%
Sodium
deoxycholate

N/A

N/A

10 ml

Add 1 ml stock to •
9 ml ddH2O.
Make it in 15 ml •
tubes.
Add 1 ml stock to •
9 ml ddH2O
•
•

Found on the
self in liquid
Keep @ RT
Found on the
self in liquid
Keep @ RT
Don’t
autoclave
Dissolve
10.60 g in ~
25 ml ddH2O
Make it 100
ml bottle
Autoclave and
store @ RT

Add ~ 150 ml
of water and
stir then make
up the final
volume to 250
ml.
Adjust the pH
with KOH
• Filter sterilize
• Store @ RT
Dissolve 1.0 g of Filter sterilize
sodium
Keep at RT
deoxycholate in
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10 M
KOH

N/A

56.11 100 ml
g/mole

20%
Glucose

N/A

N/A

500 ml

20%
Galactose

N/A

N/A

500 ml

100 mM
PMSF

N/A

147.2 100 ml
g/mole

~ 7 ml water and
make up the final
volume to 10 ml
56.11 g/mol x 10
mol/L
= 56.11 g/L
For 100 ml =
(203.30) / 10
=
56.11 g
Dissolve 100 g of
glucose in ~ 350
ml water and
make up the final
volume to 500 ml
Dissolve 100 g of
galactose in ~
350 ml water and
make up the final
volume to 500 ml
Dissolve 1.472 g
of PMSF in ~ 90
ml water and
make up the final
volume to 100 ml

Table D.8: Solutions for Yeast Genomic DNA Preparation
Solution
Lysis buffer

Composition
2% Triton X-100
100 mM NaCl
10 mM Tris-HCl-pH 8.0
10 mM EDTA
1% SDS

Table D.9: Solutions for LiOAc/DMSO Yeast Transformation
Solution
LiAOAc buffer

Composition
0.1 M LiAOAc
10 mM Tris-HCl(pH=8.0)
1 mM EDTA

Autoclave
Keep at RT

Autoclave
Keep at RT

Autoclave
Keep at RT

Don’t autoclave
Keep at 4oC
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PEG solution

DMSO

50 % w/v PEG (M.W. = 4000)
0.1 LiAOAc
10 mM Tris-HCl (pH=8.0)
1 mM EDTA
100 %

Table D.10: Agarose Gel Electrophoresis Buffer (TAE; For 1 Liter)
Reagent
Tris-base
0.5 M EDTA pH 8.0
Glacial acetic acid
ddH2O

Volume added
242 g
57.1 ml
100 ml
Make up the volume to 1 Liter
1 Liter

Note: Autoclave; Store at RT
Table D.11: TBS (10X; For 1 Liter)
Reagent
100 mM Tris-HCl (pH 7.5 to 8)
2M NaCl (add solid salt)

Stock
Volume added
Concentration
1.0 M
100 ml
Mw(NaCl)
= Vol.(L) = 58.44 g/mol x 2 mol/L
58.44 g/mole
= 116.88 g/L
For 1L = 116.88 g
Add 100 ml of Tris-HCl +
116.88 g of NaCl + ~ 500 ml
ddH2O and stir. Make up the
volume to 1L.

Note: Autoclave and Keep at RT.
Table D.12: TE (10X; For 200 ml)
Reagent
100 mM Tris-HCl (pH 7.5 to 8)
10 mM EDTA pH 8.0
ddH2O
Note: Autoclave and Keep at RT.

Stock
Volume added
Concentration
1.0 M
20.0 ml
0.5 M
4.0 ml
176.0 ml
200.0 ml
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Buffers for Chromatin Immunoprecipitation (ChIP)
Table D.13: FA Lysis Buffer (For 50 ml)
Reagent
50 mM HEPES-KOH (pH 7.9)
140 mM NaCl
1 mM EDTA
1 % Triton X-100
0.1 % Sodium Deoxycholate
1 mM PMSF
ddH2O

Stock
Concentration
1M
5M
0.5 M
10 %
10 %
100 mM

Note: Store at -20oC

Volume
added
2.5 ml
1.4 ml
0.1 ml
5 ml
0.5 ml
0.5 ml
40.0 ml
50.0 ml

Table D.14: FA Lysis Buffer + 500 mM NaCl (For 50 ml)
Reagent
50 mM Tris-HCl (pH 7.5 to 8)
1 % SDS
10 mM EDTA pH 8.0
ddH2O

Stock
Concentration
1.0 M

Volume
added
2.5 ml

10 %
0.5 M

5 ml
1.0 ml
41.5 ml
50.0 ml

Note: Store at -20oC
Table D.15: ChIP Wash Buffer (For 50 ml)
Reagent
10 mM Tris-HCl (pH 7.5 to 8)
250 mM LiCl
0.5 % Triton X-100
1 mM EDTA pH 8.0
0.5 % Sodium Deoxycholate
0.1 % SDS
ddH2O
Note: Store at -20oC

Stock
Concentration
1M
5M
10 %
0.5 M
10 %
10 %

Volume
added
0.5 ml
2.5 ml
2.5 ml
100 µl
2.5 ml
0.5 ml
41.4 ml
50.0 ml
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Table D.16: ChIP Elution Buffer (For 50 ml)
Reagent

Stock Concentration

50 mM Tris-HCl (pH 7.5 to 8)
1 % SDS
10 mM EDTA pH 8.0
ddH2O

1.0 M
10 %
0.5 M

Note: Store at RT
Buffers for the Isolation of Total RNA from Yeast
Table D.17: High TE Buffer (For 100 ml)
Reagent
50 mM Tris-HCl pH 7.5
20 mM EDTA
ddH2O
Note: Store at RT

Stock
Concentration
1.0 M
0.5 M
N/A

Volume added
5 ml
4 ml
91 ml

Table D.18: RNA-Lysis Buffer (For 5 ml)
Reagent
80 mM Tris-HCl pH 8.0
10 mM CaCl2
10 mM β-mercatoethanol
10 mM VRC (Shake well)
ddH2O

Stock
Concentration
1.0 M
1.0 M
N/A
N/A
N/A

Volume added
400 µl
50 µl
3.5 µl
250 µl
4.3 ml

Volume
added
2.5 ml
5 ml
1.0 ml
41.5 ml
50.0 ml
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My Ph.D. dissertation work is focused on studying the role of promoterbound transcription initiation factors involved in gene looping. In this study we
showed that the RNAP II subunit Rpb4 has a significant effect on termination of
transcription. Gene looping is disrupted in the absence of Rpb4. Rpb4 shows a
strong physical interaction with the Mediator subunit Srb5. Mediator subunit Srb5
crosslinked to the 5' and 3' ends of INO1 and CHA1 genes and is required for
proper termination of transcription of these genes. Srb5 affected termination of
transcription through its interaction with the CF1 complex. Srb5 interaction with
the CF1 complex as well as its crosslinking to the 3′ end of the genes is
dependent on gene looping. Even in the presence of Srb5, proper termination
INO1 and CHA1 was compromised in the absence of gene looping. These
results strongly indicate a role for gene looping in Srb5-mediated termination of
transcription. More importantly, this study has identified a yet another biological
role for gene looping in transcription. The prevalence of gene looping was
analyzed by genomewide TFIIB ChIP-Seq. The simultaneous presence of TFIIB
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on both the promoter and terminator of a gene was taken as a measure of gene
looping. Our results suggest that gene looping is not restricted to a few
transcriptionally active genes in yeast, but is probably a general feature of
actively transcribing genes in budding yeast.
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